Control of AC/DC systems for improved transient stability and frequency support provision by Martínez Sanz, Inmaculada
Control of AC/DC Systems for
Improved Transient Stability and
Frequency Support Provision
Inmaculada Mart´ınez Sanz
A thesis submitted for the degree of
Doctor of Philosophy
Imperial College London
February 2015
Control and Power Research Group
Department of Electrical and Electronic Engineering
Imperial College London

Declaration of Originality
I hereby declare that the material contained in this thesis is the result of my own work
and that any ideas or quotations from the work of other people, published or otherwise,
are appropriately referenced.
Inmaculada Mart´ınez Sanz
Imperial College London
London, United Kingdom
February 27th, 2015
3

Copyright Declaration
The copyright of this thesis rests with the author and is made available under a Creative
Commons Attribution Non-Commercial No Derivatives licence. Researchers are free to
copy, distribute or transmit the thesis on the condition that they attribute it, that they
do not use it for commercial purposes and that they do not alter, transform or build
upon it. For any reuse or redistribution, researchers must make clear to others the
licence terms of this work.
5

Abstract
In this thesis, control of future AC/DC systems for improved system dynamic perfor-
mance is studied. The objective is to determine mechanisms for providing AC network
services (e.g. frequency support, damping, etc.) through coordinated control of HVDC
power converters and FACTS devices while considering increased levels of wind gen-
eration. In particular, this work addresses some of the concerns associated with the
stability of the future Great Britain (GB) transmission network as it evolves to support
low carbon generation scenarios and the use of DC grids to integrate offshore renewable
resources and form a sub-sea interconnection across Europe.
The contributions of this thesis are in two main areas: emergency control for power
system stabilization and exchange of frequency support across a DC grid.
Fast control of FACTS devices and HVDC links can be exercised as a post-fault cor-
rective action to maintain system stability without the need of constraining pre-fault
transfer levels. This work employs a model predictive control (MPC) scheme that relies
on system wide-area measurements to preserve the system stability after critical con-
tingencies. MPC can explicitly account for system constraints and changing operating
conditions and is therefore suited for on-line applications and power electronic actuators
with limited short-term overload capability. The effectiveness of the proposed approach
is demonstrated using time domain simulations on representative equivalent models of
the future GB transmission network. A detailed analysis of the dynamic behaviour and
stability issues associated with the GB transmission grid have also been presented.
In the DC grid context, this thesis investigates the provision of frequency services con-
sidering frequency droop loops in the control of the converters. The interaction between
onshore AC systems and a DC grid is analyzed through an extended steady-state for-
mulation. A methodology for providing frequency response from offshore wind farms
connected through a DC grid is also proposed. The performance of this scheme is illus-
trated both analytically and also through simulation results.
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Chapter 1
Introduction
1.1 Background and Motivation
The power industry today is facing significant challenges due to energy markets dereg-
ulation and environmental concerns. Firstly, because systems operators have to operate
the system close to its limits, with high use of the existing infrastructure, and secondly
because of the need to connect significant amounts of renewable generation, which con-
siderably differ from the traditional synchronous generation. Increase in power electronic
interfaced generation (e.g. wind and solar) comes together with a major increase of other
power electronic applications in the network like FACTS (flexible AC transmission sys-
tems) and HVDC (high voltage direct current) transmission.
Power electronic systems offer new ways to provide support to the grid due to their
increased controllability and fast response, although they are less resistent to transient
phenomena. As the number of these devices rises, coordinated control is desirable to
increase the transfer capability and the security margins of the power system in an
efficient manner, which would ultimately result in major economic savings. In this
context, the application of special protection schemes (i.e. corrective control actions)
can play a fundamental role in maintaining stability and security of the power network
after a major fault occurs. In particular, transient stability is one area of concern that
can be improved by these controllable devices.
The UK government has embarked to decarbonize the energy production in the UK
(electricity, transport and heat) in favour of renewable energy sources in response to
several European directives [3], [4]. It is expected that most of this contribution will
come from the electricity sector, with an increase in the renewable share of generation
from 5% to around 36% [5]. Wind is the most mature renewable generation technology
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today and the one which is most likely to be able to meet the EU targets. Around
32 GW of wind capacity, the majority of it offshore, are expected to be connected by
2020 [4]. This significant growth in wind generation goes together with increase in the
application of HVDC technologies and the deployment of series compensation as means
of improving transfer capacity and system dynamics. In particular, these reinforcements
would increase the power transfers from Scotland to England, a corridor whose capacity
is limited by stability considerations [4]. The increased controllability given by HVDC
links and series compensation (in the form of thyristor controlled series compensation
(TCSC)) can be used to reduce the rotor-angle stability problems of the system and
further utilize the capacity of existing network assets.
At the time this thesis was written, there were already around 11.1 GW of connected
operational wind farms (WFs) in the UK network, 7.5 GW onshore and 3.6 GW off-
shore. Additionally, about 3.1 GW are currently under construction and 11.4 GW are
consented projects [5]. Mayor developments are expected in the South-East coast bound-
ary with the integration of large arrays leased in the development Round 3 [5]. Three
main offshore WFs will be connected in this region: Dogger Bank (6 GW), Hornsea
(4 GW) and East Anglia (7 GW). National Grid, the Great Britain (GB) transmis-
sion system operator, has conducted economic studies to determine the benefits and
advantages that integrated offshore network designs offer vs. having radial connections.
Three different design strategies were considered: radial strategy/ radial-plus strategy/
integrated strategy [6]. The radial and radial-plus strategies are point-to-point config-
urations whereas the integrated strategy approach connects neighboring offshore WF
arrays with DC links. It is therefore likely that a future voltage source converter (VSC)
HVDC link will form the backbone of an integrated offshore network connecting these
WFs [4]. Ultimately, the goal is to integrate these offshore resources in a future offshore
North Sea grid.
The North Sea region is a rich area in wind power resources and it is envisaged that
a DC grid is likely to be built there [7]. The aim is not only to integrate the offshore
renewable energy but also to allow the sub-sea interconnection between AC systems for
better sharing of intermittent resources and enhanced supply reliability. Connecting
several DC links in order to form a DC grid could be more advantageous than using
several point-to-point connections, as it increases the security of supply and facilitates
power trading. The North Sea grid would connect UK and Scandinavia with the rest of
mainland Europe, and there are ambitious proposals to extend it in future to form an
European Supergrid [8]. However, many challenges still remain before the DC grids im-
plementation, mainly associated to the converter technology and its ability to deal with
DC faults. In addition, from the system operators’ point of view, unknown interaction
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between the AC system and DC grid and appropriate control of DC grid to support the
AC system operation are two major concerns.
As future power systems with significant asynchronous generation would have reduced
inertia, frequency support from the DC grid is a critical aspect. Conventional syn-
chronous power plants naturally contribute to the system inertia, however, WFs are
connected through power electronic converters which decouple them from the system.
As wind generation levels increase replacing synchronous machines, a drastic reduction
in the effective inertia of the system is expected, which would result in large frequency
excursions and high rates of change of frequency (RoCoF) after an event like a generator
outage. Accordingly, the exchange of frequency support between onshore AC systems
connected through the DC grid and the inertial support from large offshore WFs would
be critical for secure operation of low inertia systems.
The research work presented in this thesis aims to further explore two of the presented
areas: emergency control for power system stabilization and frequency support exchange
across a DC grid.
1.2 Objectives of the Thesis
Following the previous section, this thesis delves into the control of AC/DC systems to
provide support services to the AC system operation. In particular, the main research
questions to be addressed are summarized below:
• How to control DC links and series compensation devices during transients to
improve the post-fault transient stability of a system (i.e. corrective control)?
In particular, how this can be applied to the future GB transmission network to
increase the grid transmission capacity?
• How do DC grids interact with the surrounding AC systems in terms of exchange
of frequency services? How to transfer inertial contribution from offshore wind
farms connected to DC grids to support the operation of low inertia AC systems?
1.3 Thesis Outline
The rest of this thesis is organized as follows to cover the previously established objec-
tives. Chapter 2 covers the background on several topics. A review of some relevant
transmission technologies (HVDC, TCSC, DC grids and offshore WFs) is presented.
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The concepts of special protection schemes and corrective control are introduced and
previous works applying these approaches to the control of FACTS and HVDC links
for improved rotor angle stability are reported. The state of the art of DC grids to
integrate offshore WFs is also presented and the topic of frequency support from WFs
is discussed. Before moving onto the control of future AC/DC systems, the modeling
of the different key power system elements to be considered needs to be studied in de-
tail. Chapter 3 covers this aspect and presents the modeling and control of HVDC
links (based on LCC and VSC converter technology), DC grids, wind turbine generators
(WTGs) and TCSC together with a number of illustrative examples in the simulation
software DIgSILENT PowerFactory. In Chapter 4 a realistic case study corresponding
the GB transmission network is analyzed for application of new control strategies. Two
dynamic models representative of the future GB transmission system are discussed. Fre-
quency domain and time domain simulation results are shown to analyze the systems
dynamic behaviour and their associated stability problems. Chapter 5 and Chapter
6 cover specific control applications to enhance the performance of onshore and offshore
transmission systems, respectively, through the elements presented in Chapter 3. In
Chapter 5 the theoretical background of model predictive control (MPC) is presented.
MPC was considered for the coordinated control of HVDC and FACTS as it can explic-
itly account for system constraints (which is critical for power electronic actuators with
limited short-term overload capability) and changing operating conditions. A special
protection scheme based on wide-area measurements and formulated using this tech-
nique is demonstrated in this chapter with the aim of increasing the transfer capability
of a system. The controller performance is validated for different cases using the GB
test systems. Chapter 6 studies the control of DC grids to exchange frequency support.
The interaction between the DC grid and the surrounding AC systems is discussed both
analytically and through simulations. A scheme to allow offshore WFs contribute to
frequency control is proposed. Simulation results based on a 4-terminal DC grid model
are presented to validate the analysis. Finally, Chapter 7 presents some conclusions
and lists some future work.
1.4 Contributions
The specific contributions from this work are summarized as follows:
• Demonstration of the effectiveness of an MPC-based corrective control scheme
to improve the system stability and evaluation of the controller performance for
different formulations.
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• Implementation of the corrective control strategy in representative equivalent mod-
els of the future GB transmission system considering different actuators and anal-
ysis of the stability problems associated to these systems.
• Study of the the interaction between AC/DC systems for frequency support ex-
change both analytically and through simulation results.
• Proposing a methodology to allow offshore wind farms connected to DC grids
provide inertial response.
1.4.1 List of Publications
Journal Publications
• I. Mart´ınez Sanz, B. Chaudhuri, and G. Strbac, “Inertial Response from Off-
shore Wind Farms Connected through DC Grids,” Power Systems, IEEE Trans-
actions on, vol. 99, no. 99, 2014. Online DOI: 10.1109/TPWRS.2014.2349739.
Conference Publications
• I. Mart´ınez Sanz, B. Chaudhuri, K. Hussain, C. Bayfield and R. Adapa. “Cor-
rective control through Western HVDC link in future Great Britain transmission
system,” accepted to the IEEE Power and Energy Society General Meeting, 2015.
• I. Mart´ınez Sanz, B. Chaudhuri, and G. Strbac, “Frequency changes in AC
systems connected to DC grids: Impact of AC vs. DC side events,” in PES
General Meeting Conference Exposition, 2014 IEEE, July 2014, pp. 1-5.
• I. Mart´ınez Sanz, B. Chaudhuri, and G. Strbac, “Corrective control through
HVDC links: A case study on GB equivalent system,” in Power and Energy Society
General Meeting (PES), 2013 IEEE, July 2013, pp. 1-5.
• I. Mart´ınez Sanz, B. Chaudhuri, and G. Strbac, “Impact of wind penetration
and HVDC upgrades on stability of the GB transmission system,” in Universities
Power Engineering Conference (UPEC), 2012 47th International, Sept. 2012,
pp.1-6.

Chapter 2
Literature Review
This chapter discusses the state of the art on several topics relevant to this work. First
an overview of HVDC and TCSC technologies is presented. The higher controllability
and fast response of these devices can be exploited, amongst other actions, to improve
the power system stability in a special protection scheme (SPS). An introduction to these
schemes as a corrective control mechanism is presented along with several application
examples to improve transient stability. A review on the existing work on power system
stabilization using model predictive control theory is also discussed. The last part of this
chapter covers the use of DC grids for the integration of offshore wind farms (WFs).
The state of the art and the challenges before implementation are outlined. Previous
works on inertial support from WFs are also summarized.
2.1 HVDC Transmission
Interest in HVDC transmission is increasing, mainly because of the recent developments
made in this area to connect offshore renewable energy resources and the deployment
of new installations to transfer bulk amounts of power. Traditionally, the DC option
is found economically favorable for long distances exceeding 450 km and is the only
viable technical solution for long submarine connections (>50 km) [9]. Moreover, this
type of transmission has a number of advantages over the AC one: power transfer over
long distances without technical limitations, asynchronous interconnections, limitation
of short circuit level, fully controllable power flow in the link and AC system support
[9]. HVDC systems can be arranged in different configurations: back-to-back, point-
to-point either monopolar (using one conductor) or bipolar (with two conductors) and
multi-terminal (connecting more than two converters) [1]. Two distinct converter tech-
nologies are applied for this type of transmission namely LCC-HVDC (line commutated
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converters) and VSC-HVDC (voltage source converters). LCC-HVDC (also referred as
CSC-HVDC or classic HVDC) is a mature technology today, with more than 50 years of
history, suitable for high voltages and power transfers. VSC-HVDC is a relatively new
technology, with important application in the integration of renewable sources, but it is
still developing for high power transmissions.
The LCC converter is built with thryristor valves and relies in the AC system voltage
to commutate between valves. The converter operates with a lagging power factor and
hence reactive power support is needed [1]. Most of the existing HVDC installations are
based on LCC technology. The longest scheme worldwide is the Rio-Madeira in Brazil
to export hydro power, covering 2375 km with two bipolar DC lines at ± 600 kV and
3150 MW capacity each [10]. Ultra high voltage installations (UHVDC) are currently
operating in China at ± 800 KV, being the Jinpin-Sunan link the one with highest
transfer capacity, 7200 MW [11]. In the UK a bipolar LCC-HVDC link to increase
the transfer capacity between Scotland and England is expected to be commissioned by
2016, consisting in two poles at ± 600 kV and a continuous rating of 2200 MW. It will
be the first DC submarine link operating at this voltage level [12].
The VSC converters are based on IGBT transistor switches, which allows the control of
both active and reactive power injections at the terminal buses. The first VSC converters
were based on a two level topology which enables switching between two voltage levels
to create the AC waveform [13]. Using this converter configuration, the fist offshore
VSC connection was built in 2004 by ABB to feed two gas compressor drives of the Troll
gas platform in the North Sea. The connection has a rating of 2x44 MW and ± 60 kV,
employing two-level VSC. However, the present industry trend is to move to multiple
level converters to create the AC waveform as the filtering required and the switching
losses significantly reduce. A new VSC converter topology was proposed in [14], named
Modular Multi-level Converter (MMC). It consists in six converter arms, each of them
with a high number of power modules (cells) that allow switching between multiple
voltage levels [13]. Each cell consist in two series IGBTs and a capacitor (H-bridge).
The first VSC-MMC installation was the Trans Bay Cable in San Francisco by Siemens
in 2010 with a rating of 400 MW and ± 200 kV. [15]. However, MMC converters (with
H-bridge cells) cannot sustain DC faults. In this case the DC faults are dealt by opening
the breakers on the AC side as DC breakers are not commercially available. In order
to address this issue, new converter topologies have been proposed. The Alternate Arm
Converter (AAC) was introduced in [16] and it presents DC fault blocking capabilities.
In the VSC-HVDC evolution, a new milestone will be the DolWin project by ABB and
Alstom to accommodate major offshore WFs in Germany [17]. The experience in DC
grids projects based on LCC and VSC converters is covered in Section 2.4.1.
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2.2 TCSC
Flexible AC Transmission Systems (FACTS) technology corresponds to power electronic
devices that provide shunt compensation, series compensation or both in order to en-
hance the capacity of a system. TCSC (thyristor controlled series capacitor) is a FACTS
that provides series capacitive compensation. The main effect of a TCSC is to decrease
the overall series reactive impedance X of the line in which is installed, thereby being
able to influence the power flowing through it (i.e. P = (V 2/X) sin δ) [18]. This capa-
bility to control power flow can be used to improve the stability limits which ultimately
results in the ability to increase the line transfer capacity. It is to notice the different
application of TCSCs including: elimination of subsynchronous resonance risk, damp-
ing of power oscillations, dynamic power flow control and post contingency stability
improvement [19]. Nowadays, TCTS is a well established technology. A summary of
installations worldwide is reported in [20].
Further details about the modeling of these components (HVDC systems and TCSC
devices) is provided in Chapter 3.
2.3 Power System Control for Stability Enhancement
2.3.1 Special Protection Schemes
Some power systems are stability limited and the desired operating conditions may
require that protective schemes are provided in order to operate the system in a secure
manner [21]. The use of Special Protection Schemes (SPS), also referred as System
Integrity Protection Schemes, covers this aspect and maximizes the usage of transmission
capacity by enabling the system to operate closer to stability limits. They are installed
to protect the integrity of the system as opposed to conventional protection systems
dedicated to isolate the faulted element [22]. An exhaustive report of IEEE and CIGRe
on the application of system integrity protection schemes in the industry is presented
in [22]. It summarizes the application, classification, architecture and issues of SPS
worldwide.
SPS are critical in ensuring system security, especially in the face of low probability
but high risk events. Initiating events that can trigger the action of these schemes are:
transmission line faults, outages of generators, sudden load changes, HVDC blocking
or any combination of these [21]. The response of the SPSs is intended to preserve
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frequency stability, voltage stability, angular stability or avoid thermal overloads. Avail-
able actions could be generator tripping, under-frequency load shedding, under-voltage
load shedding, stabilisers, HVDC controls, shunt capacitor switching, etc. [22]
SPS are intrinsically related to a data communication infrastructure and there exist
numerous example of wide-area protection and control systems worldwide [23]. However,
in the case of high speed protection systems required to prevent angular stability, these
respond primarily to contingencies identified in off-line planning studies, and are limited
in effectiveness against unforeseen disturbances [23]. With the deployment of wide-
area measurements systems (WAMS) based on synchronized measurements obtained by
phasor measurement units (PMU), there exists a great potential to improve the current
SPSs.
Considering the GB transmission system, the SPS are known as operational tripping
strategies [24]. NG, in its role of transmission system operator, has a number of in-
tertripping schemes installed across its network [25], mainly to solve thermal problems
but a few to account for stability issues. These schemes manage pre-defined events by
applying a set of pre-defined control actions. Generation tripping schemes are the most
common ones.
The SPS are ultimately corrective control mechanisms. The concept of corrective control
along with its application to transient stability problems is discussed next.
2.3.1.1 Corrective Control for Transient Stability
Power system security has been traditionally divided in two main approaches: preventive
control and emergency control [26]. Emergency control is also referred in the literature
as corrective control and, for consistency, we would use this later terminology through-
out this thesis. In preventive control the system is prepared to face (uncertain) events
before they occur and respond in a secure manner, ignoring post-fault actions. In con-
trast, corrective control refers to all those actions that are applied once a disturbance
has occurred in the system in order to minimize its consequences. Both approaches differ
in several aspects [26]. Preventive actions include, amongst several possibilities: gener-
ators re-scheduling, switching reactive compensation or even load curtailment whereas
corrective actions include generators tripping, load shedding or capacitors switching.
Preventive control is generally open loop while corrective control can be closed loop.
The time scales in each approach are also different, with the corrective control needing
to respond in a fast manner.
An SPS would trigger corrective control actions when abnormal conditions are detected
[23]. We focus in this thesis on contingencies that may cause rotor angle transient
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stability problems, as this is one of the factors that limits the power transfer capability
in a system. Wide-area information collected by a WAMS is considered to explore
corrective control through FACTS and HVDC converters to tackle this problem, as they
are a less severe alternative to stabilize the system as opposed to generator tripping or
load shedding.
Rotor angle (angular) stability is related to the ability of interconnected synchronous
machines of a power system to remain in synchronism after being subjected to a distur-
bance [1]. This type of stability covers two categories: small signal stability (under small
disturbances) and transient stability (concerned with system stability after a large per-
turbation, such as a fault on a transmission line) [1]. Angular instability is a short-term
phenomena intrinsically linked to the rotor dynamics of the generators. In transient sta-
bility, after a severe disturbance, the equilibrium between the input mechanical torque
applied to a generator and the output electromagnetic torque is lost, resulting in a
change of the generators speed and an increase of the angle difference between intercon-
nected generators. The rotor angle excursions are highly influenced by the non-linear
power-angle relationship. If the resulting angular separation between generators remains
within certain bounds, the system maintains synchronism [27]. The ability of the system
to not lose synchronism depends on the operating state and the severity of the fault. The
time frame of interest for transient stability problems is usually 3 to 5 seconds following
the disturbance [27].
Transient stability problems can be addressed though time domain integration ap-
proaches. Alternatively, direct methods could be used to determine the stability without
explicitly solving the system differential equations. These are energy based methods con-
sidering transient energy functions, such as equal area criterion and Lyapunov functions.
However, this approach imposes limits on the complexity of system model [1]. Alter-
natively, automatic learning techniques have been applied to power systems in order to
recognize the system pattern response to system faults [28].
A few papers have demonstrated the use of the HVDCs capability to rapidly control its
power flow to improve the system stability after a disturbance. In [29] PI controllers
based on different AC variables are used to compute the HVDC power settings, whereas
in [30] a step at the set point of the converter controller is applied after an outage is
detected. In the FACTS context, a bang-bang approach is considered to control shunt
FACTS devices in [31]. Reference [32] describes a conventional stability control scheme
for TCSC to reduce the effective line impedance in which is installed after a fault. A
summary of other possible approaches is also presented. Application of more advanced
control techniques have been considered for transient stability problems such as feedback
linearization [33] or optimization techniques (like Particle Swarm Optimization (PSO))
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to tune the parameters of the controllers [34]. However, none of these approaches can
consider explicitly constraints on the actuators.
The next section covers in detail particular works using model predictive control theory
to address this problem.
2.3.2 Model Predictive Control for System Stabilization
Model Predictive Control (MPC) is a control technique which solves an optimal control
problem on-line, at every discrete time instant, in order to determine the control inputs
for the system [2]. A considerable difference with respect to other standard control
techniques such as LQR (linear quadratic regulator) is that the control is determined
online at each time step and is not formulated as a feedback of the observed outputs.
The MPC capability to explicitly handle constraints makes it an attractive option for
the coordinated control of FACTS and HVDC links with limited overload capability. In
addition, since the optimization for the input calculation is repeated at every time step,
a certain robustness to noise and uncertainties is also achieved.
MPC has been applied to power systems to solve different problems from alleviating
thermal overloads [35], to voltage stability [36], damping oscillations [37] and frequency
control [38]. Application to transient stability might be challenging from a computational
point of view since, as mentioned before, the optimization problem must be solved in
real time and the dynamics of the controlled system evolve in the tenth of seconds time
frame. However, some recent works have explored this possibility.
In [39] several stabilizing actions like generation tripping, load shedding and series ca-
pacitance were considered in a real-time transient stability control scheme to handle
higher order contingencies. The MPC approach has been studied in detail in [40] for a
robust first swing stability protection using FACTS devices and many publications, like
[41], have covered the control a TCSC in a single machine infinite bus system. Recently,
[42] combined automatic learning approaches with MPC to be applied to a TCSC device
with the same aim.
Regarding applications to HVDC control, [43] describes a MPC approach for the modu-
lation of the active power through a LCC-HVDC link in order to avoid or delay the loss
of synchronism after a large disturbance and in [44] distributed MPC formulations were
explored for the coordinated control of multiple links. In both cases simplified power
system dynamics are used. Reference [45] sets the formulation for MPC applied to VSC-
HVDC links, but the strategy was not validated for severe outage conditions. This work
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was extended in [46] to damp oscillations in an AC system (a European network model)
but no PSSs were active in the system.
Other relevant works that have also applied the MPC strategy to form supplementary
damping controllers are [47] for one LCC-HVDC link, comparing the results with a LQG
(linear quadratic gaussian) controller, and [48] for a single TCSC device and different
configurations of the controller.
The work presented in this thesis seeks to apply this technique to transient stability
problems through the control of fast actuators with distinct behaviour, using detailed
dynamic models and evaluating the system response to different performance objectives.
The effectiveness of a MPC-based controller for large scale power systems (e.g. reduced
GB equivalent system with 40 generators) needs to be assessed.
2.4 Offshore Transmission
Wind power is likely to replace a significant proportion of fossil-fuel based generation
in countries like the UK where around 17 GWs of offshore wind power capacity are
planned to be installed by 2020 [49]. In order to integrate large amounts of offshore
wind energy and to share these resources amongst distant geographic regions, the DC
grid concept is gaining relevance, especially in Europe, with projects like the European
Supergrid [8] or the multi-terminal DC grid envisioned around the North Sea [7]. A DC
grid offers several benefits over point-to-point connections as it increases the security of
supply, being a more cost-effective solution, improving the reliability and flexibility of
operation. VSC (Voltage Source Converter) based HVDC is the technology most likely to
be used to develop these grids due to certain advantages over its LCC (Line Commutated
Converter) counterpart [50]: independent control of active and reactive power, smaller
footprint, allows power reversal without reverting the voltage polarity and black-start
capability [51]. However, there are still different issues that need to be resolved before
DC grids can be implemented [52], [53]: from technical aspects regarding the DC system
protection and development of fast breakers [54], to operational and control ones [55],
with main concerns in the interaction between the existing AC system and the new DC
grid.
2.4.1 State of the Art on Multi-Terminal DC (MTDC) Grids
The first operational multi-terminal DC (MTDC) installations were based on LCC tech-
nology. These are the Hydro-Que´bec-New England in Canada [56] with five terminals
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(but only three in operation) and the Sardinia-Corsica-Italy (SACOI) in Italy [57] with
three terminals. Initially, they were planned as point-to-point connections that were
later extended. However, there is no possibility to reverse power flows, since to do so
the polarity of the voltages would need to be changed, affecting the whole grid. As
mentioned before, VSC is more suitable for DC grid application, however, being this
a relatively new technology, there is very little operational experience on VSC based
DC grids. Recently, in December 2013, the Nan’ao Shantou Project by China Southern
Power Grid became the first multi-terminal DC grid in operation [58]. Its aim is to
strengthen the existing grid and to export wind generation from the Nan’ao island into
the main system. Consisting in three terminals, rated at 200 MW, 100 MW and 50
MW and operating at ±160 kV, it forms a DC grid with a mix of overhead lines, sub-
marine and underground cables. This is a multi-vendor and multi-contractor delivery
that has proved the DC grid operation at large scale. However, before commercial use,
several aspects require further investigation. From a technical point of view, practical
realization of DC grids is delayed due to protection and DC fault current interruption
considerations [52], [54]. The current voltage ratings of DC cables is another limiting
factor, together with the lack of technical standards and decision on the ownership and
operation of the grid [53]. This thesis considers the control and operation of the DC grid
as one of the aspects to be resolved. Existing work on this area is summarized next.
The control of DC grids has been discussed in several works and different strategies
have been proposed for the control of the converters [55], [59], [60]. Droop control
(power-voltage P -V droop) seems to be the preferred approach as it allows autonomous
power sharing after the outage of one converter (N-1 security). Several publications have
delved into the droop constant selection according to different criteria. In [61] singular
value decomposition analysis is used to optimize the gains of the converter with respect
to the dynamics of the DC grid while in [62] the analysis is extended focusing on the
AC system stability. In [63] the droop constants are adapted according to the available
headroom of the converter to share the burden after a converter outage. The impact of
droop constant values on the DC grid power flows is studied in [64]. The area of power
flow analysis of AC/DC systems has also been explored in several works [65], [66].
One area that requires further investigation is the provision of services from the DC grid
to support the AC system operation (e.g. frequency support, damping, etc). Onshore
converters within a DC grid can be controlled to allow exchange of frequency support
among the host onshore AC systems. Use of frequency-voltage (f -V ) droop control
together with existing power-voltage (P -V ) droop control has been proposed in [67],
[68]. An alternative scheme using communication between the AC areas was considered
in [69]. In addition, reference [70] introduced a frequency sensitivity formulation for AC
systems connected to DC grids. However, the analysis only focused on load/generation
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change as the frequency event. The interaction between AC system and DC grids under
this support conditions needs further exploration and is an area addressed in this thesis.
2.4.2 Offshore Wind Farms (WFs)
Currently, offshore WFs are primarily limited to point-to-point connections, both AC
and DC. For long distances (>50 km) DC technology is the only viable option due
to technical limitations on the AC cables [9]. Several publications have investigated
the use of LCC-HVDC [71] and hybrid connections (combining LCC and VSC) [72] to
connect offshore wind. However, VSC-HVDC is the most probable technology to be
used in future DC grids to tap in offshore wind resources. In this scenario, one of the
existing concerns is extracting the inertial support from offshore WFs connected to DC
grids, which is of particular importance for future power systems with reduced inertia.
Previous work on inertia support from wind turbine generators (WTG) is summarized
next.
2.4.2.1 Inertial and Primary Frequency Control from WFs
The new generation of WTGs (named Type 3 and Type 4) are connected to the grid
through power electronic converters, which decouples them from the system. Accord-
ingly, they do not provide a natural inertial response to frequency events, unlike syn-
chronous generators. In response to frequency variations, WFs can be made to provide
inertial (and primary frequency) response through proper control. In practice, this sup-
port from WTGs can be provided in two ways. A possibility is to operate according
to a de-loaded optimum power extracting curve [73]. However, it is not desirable to
operate the WF with a reserve margin [74]. Alternatively, temporary overproduction
can be achieved through the release of the kinetic energy stored in the turbine blades
by slowing the speed of the turbine [75] or pitching the blades [76]. Several mechanisms
for extracting inertial response from WTGs have been proposed, majority of which use
the frequency variation or its derivative to modify the power generated from the WTGs
[77], [78], [79].
In the case of onshore WFs and AC connected offshore WFs, individual WTGs can di-
rectly measure the variations in AC system frequency to provide inertial support through
an appropriate supplementary control. However, remote offshore WFs are connected
through a DC link, which decouples the frequency at the offshore WF from the one
of the onshore AC system. Frequency variations in onshore systems can no longer be
sensed directly by each WTGs. In such cases, the measured onshore frequency variations
can be communicated up to the offshore converter station to set the frequency of the
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WF collection network accordingly. This approach is used in [71] for the case of WFs
connected through LCC-HVDC links. Alternatively, communication-less schemes have
been proposed to emulate the onshore frequency variation at the offshore WF through
a proportional variation in the DC link voltage. References [80], [81] and [82] use a
voltage-frequency droop at both onshore and offshore converters to replicate onshore
frequency events in the offshore grid. For a point-to-point DC connection between the
WF and the onshore grid, either of the two mentioned approaches ensures that individ-
ual WTGs are able to sense the emulated variation in the onshore grid frequency and
provide inertial support.
Inertial support provision from offshore WFs connected through DC grids has not been
studied in detail, other than [83] and [84]. The challenge is to deal with multiple fre-
quency variations in the different AC systems which could have could have opposite
trends [85]. Reference [83] uses droop controllers at the onshore and offshore converters
to emulate the onshore frequency event in the offshore grid. However, it only evaluates
the strategy for an event occurring in the AC system. In [84] an improved version of this
communication-less scheme based on switching different droop controllers is presented.
It allows frequency support provision from offshore WFs across a DC grid together
with the exchange of frequency services among onshore AC systems. However, these ap-
proaches could have potential issues with power reference tracking and proper emulation
of onshore frequency deviations at the offshore WFs.
Another possible way to obtain inertial support from offshore WFs with VSC-HVDC
connection is to use the energy stored in the DC capacitors of the link, as in [86]. This
was extended in [87] to the case of a multi-terminal grid but limited its implementation
to the converter in the DC grid under DC voltage control.
The work presented in the last part of this thesis is focused in addressing the interaction
between the AC system and DC grid for frequency support exchange and appropriate
control of DC grid to allow offshore WFs to provide inertial response.
Details on DC grid and WTGs modeling and control are covered in Chapter 3.
2.5 Chapter Summary
This section presented the state of the art on several topics in the area of power system
control for AC/DC systems relevant to this work. In particular, concerns and potential
improvements in the use of corrective control for power system stabilization and the
exchange of frequency support across a DC grid have been presented. The next sections
will try to cover the gaps identified and provide solutions to the described problems.
Chapter 3
Modelling and Control of HVDC
Systems, TCSC and WTGs
This chapter presents a review of the modeling and control of key power system el-
ements employed in this thesis: HVDC systems (LCC-HVDC, VSC-HVDC and DC
grids), WTGs and TCSC FACTS devices. The modeling has been carried within the
software DIgSILENT PowerFactory and time domain simulation examples are presented
to illustrate the models dynamic behaviour.
3.1 Power System Modeling in DIgSILENT PowerFactory
DIgSILENT is a high-end tool for power system analysis and simulation [88]. It pro-
vides an extensive library for grid components, also called built-in components, and
the possibility to define new dynamic elements employing the Dynamic Simulation Lan-
guage (DSL). The DSL models (built-in models or new defined models) are combined
in composite model frames. These frames are essentially control blocks that interact
with the system during the dynamic analysis, exchanging signals. The DSL feature
has been extensively used in this thesis, particularly for the implementation of different
controllers.
3.2 Modelling and Control of HVDC Systems
The models for the two distinct converter technologies applied for HVDC transmission,
namely LCC-HVDC (line-commutated converters) and VSC-HVDC (voltage source con-
verters) are discussed in this section.
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3.2.1 Line Commutated Converter (LCC)-HVDC
A typical layout of a monopolar LCC-HVDC scheme is plotted in Fig. 3.1. This tech-
nology is based on thyristor valves and the basic configuration for the converters is the
six-pulse bridge [1]. However, modern DC schemes are designed exclusively for 12-pulse
operation, like in Fig. 3.1, as this reduces the harmonic filtering. In this type of scheme
the current can flow in only one direction but it is possible to reverse the power by
changing one of the converters polarity.
Figure 3.1: Two-terminal LCC-HVDC system.
The converters model can be summarized in the following expressions from Chapter 10
in [1]. The DC voltage at the rectifier and inverter terminals can be expressed as:
V recdc = Vdc0cos(α)−RcIdc = Vdc0
cos(α) + cos(δ)
2
(3.1)
V invdc = Vdc0cos(β) +RcIdc = Vdc0cos(γ)−RcIdc = Vdc0
cos(β) + cos(γ)
2
where Vdc0 = 3
√
2/piVLLcos(α) is the ideal DC voltage, VLL is the AC system line-to-
line voltage and Rc is defined as the commutating resistance, accounting for the voltage
drop reduction due to the commutation overlap (µ). Finally Rc = 3Xc/pi, where Xc
is assumed to be equal to the leakage reactance of the converter transformer [88]. The
angles are defined as follows:
• α: firing angle.
• µ: overlap angle.
• δ: extinction angle (δ = α+ µ).
• β: firing advance angle (β = pi − α).
• γ: extinction advance angle (γ = pi − δ).
The angles α and γ should be low to achieve high power factors at the terminals, and
hence low reactive power consumption of the converters. Their normal range of operation
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is around 15◦. Minimum α and γ values are considered to avoid, respectively, spurious
turn on at the rectifier terminal and commutation failure at the inverter terminal. Note
that from (3.1) the DC voltage can be adjusted not only by regulating the firing angles
but also by changing the AC voltage magnitude VLL. This last control is inherently slow
and performed by the tap changers of the converter transformers.
For further details on the converter theory, the reader is referred to Chapter 10 in [1]
and Chapter 3 in [89].
3.2.1.1 Converters Control Philosophy
An overview of the hierarchical control of each pole of the link and the available control
modes is plotted in Fig. 3.2. Three common control modes are presented to define the
firing pulses α for each converter: current controller (Idc), voltage controller (Vdc) and
minimum extinction angle controller (γmin).
Figure 3.2: Basic control principle of LCC-HVDC, adopted from [1].
Under normal operation the DC current (or DC power) is regulated by the rectifier and
the extinction angle by the inverter. Thus in the control scheme the rectifier is in current
control mode (CC or Idc), adjusting the firing angle α to work at the specified current
value. The inverter is under extinction angle control (CEA or γmin), to work at mini-
mum γ, which minimizes the reactive power consumed by the inverters. Alternatively,
instead of maintaining a minimum extinction angle, the inverter could regulate the DC
side voltage (at slightly bigger γ values). For depressed voltage levels constant current
operation is not desirable. A voltage dependant current order limiter (VDCOL) that
controls current in proportion to voltage is considered for this situation. The detailed
structure of the controllers of the converters considered in this work is plotted in Fig.
3.3.
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Figure 3.3: LCC-HVDC converters control.
3.2.1.2 Simulation Example
A LCC-HVDC link in bipolar configuration, was modelled in DIgSILENT PowerFactory.
It consists of 500 km of HVDC cables, voltage rating of ±500 kV and 2.2 GW of rated
power. The data for the converters and filters are based on the CIGRe HVDC benchmark
model [90], [91], with the parameters adapted for the new ratings. The primary control
for the converters is included according to the explained operation principle.
The system response was analyzed for two different faults at the AC connection points.
Rectifier AC fault
A three-phase rigid fault is simulated at the rectifier AC bus and cleared after 100 ms.
The system dynamic response appears in Fig. 3.4. Initially, the rectifier is regulating
the active power transferred and the inverter is operating in constant extinction angle
control (subplots (e) and (f), respectively). During the fault, the voltage at the rectifier
end drops and so does the DC current (subplot (c)). The rectifier control decreases
the firing angle (subplot (d)) to restore the current until its lower limit is hit. At this
point the inventer control mode switches to regulate the DC current (subplot (f)) by
adjusting its firing angle (subplot (d)). The current order is limited during the fault by
the VDCOL due to the poor voltage conditions (subplot (e)). The system returns to its
original operating point after the fault is cleared.
Inverter AC fault
The same three-phase fault is applied this time at the inverter AC bus and cleared after
100 ms. The system dynamic response is plotted in Fig. 3.5. Following the fault, the
voltage at the inverter end rapidly falls (subplot (a)) which causes a sharp rise in the DC
current (subplot (c)). The rectifier tries to limit the current by increasing α (subplot
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Figure 3.4: LCC-HVDC system dynamic response following a fault at the rectifier
AC side bus, cleared after 100 ms: Black traces: Rectifier; Blue traces: Inverter.
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Figure 3.5: LCC-HVDC system dynamic response following a fault at the inverter
AC side bus, cleared after 100 ms: Black traces: Rectifier; Blue traces: Inverter.
(d)). For this fault, the rectifier controls the current, which is limited by the VDCOL
(subplot (e)), and the inverter end works at minimum extinction angle (subplot (f)).
The system recovers after the fault is cleared.
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3.2.2 Voltage Source Converter (VSC)-HVDC
The basic VSC-HVDC configuration, depicted in Fig. 3.6, comprises two converters
based on self-commutated transistors (IGBTs). The considered topology for each con-
verter is the two-level one with the AC terminal voltage being controlled through a
sinusoidal pulse width modulation signal (PWM) [92]. The control of the voltage in
both phase and magnitude allows to independently control both active and reactive
power at each terminal. A time-averaged model for the VSC converter has been used in
the simulations presented in this work.
Figure 3.6: Two-terminal VSC-HVDC system.
The VSC converter model equations can be derived from Fig. 3.6. Each converter is
connected to the AC system through a phase reactor which is modeled by the equation:
Vtabc − Vsabc = Rciabc + Lc
diabc
dt
(3.2)
where Rc and Lc are the resistance and inductance of the phase reactor. Applying
Clarke (abc→ αβ) and Park (αβ → dq) transformation to the previous expression, the
representation of the system equations in a dq reference frame rotating at synchronous
speed is obtained (see reference frame in Fig. 3.7(b)):
Vtd −Vsd = Rcid −wLciq +Lc
did
dt
Vtq = Rciq +wLcid +Lc
diq
dt
(3.3)
It was considered that the AC system voltage Vs is phase-locked-loop (PLL) with the
d-axis, and therefore its q-axis component is zero, ensuring synchronism with the AC
network. Note that Vtd = mdVdc/2 and Vtq = mqVdc/2, where md and mq are the
pulse modulation indexes for the converter expressed in a dq frame. Alternatively:
|Vt| = mVdc/2. Ultimately the converter controls the injected current by adjusting md
and mq.
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The system power flow equations at the PCC can also be expressed in dq components:
S =
3
2
Vsd(id − jiq)


Pac =
3
2
Vsdid
Qac = −3
2
Vsdiq
(3.4)
Note that the control of active and reactive power on each converter is now decoupled
as d and q current components can be controlled independently. Hence P and Q at
the PCC can be controlled by id and iq, respectively. Although the development is not
covered here, it can be shown that the DC bus voltage can also be regulated by the
control of the active current id and the AC voltage at the PCC by the reactive current
reference iq [93].
Both active and reactive reference currents to the current controller are limited in order
to avoid exceeding the maximum current that can flow through the converter (irated).
Priority is often given to the active current limit [94], hence:
|id| ≤ irated
|iq| ≤
√
i2rated − i2d
(3.5)
The DC side of the converter can be modelled in terms of the power exchange in the
capacitors and neglecting the losses by Rc:
P invdc = V
inv
dc Idc = P
inv
ac +
1
2
Cc
d(V invdc )
2
dt
P recdc = V
rec
dc Idc = P
rec
ac −
1
2
Cc
d(V recdc )
2
dt
(3.6)
The equation for the DC link model (represented in our case by a lumped pi-equivalent
scheme) is the following:
Ldc
dIdc
dt
+RdcIdc = V
rec
dc − V invdc (3.7)
Balancing the in and out power flow in the system is essential to maintain the correct
DC link voltage.
Further details on the VSC converters modeling and control can be obtained from Chap-
ters 8 and 12 in [92] and from [94]. Note that the present industry trend is to use modular
multilevel converters, as previously mentioned in Chapter 2. Although the switching be-
haviour of both converters topologies significantly differs, the average models considered
in the RMS simulations presented in this thesis sufficiently capture the converter relevant
dynamics and do not distinguish between different number of switching levels.
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3.2.2.1 Converters Control Philosophy
The vector control strategy usually applied for VSC-HVDC schemes is described in Fig.
3.7. The converter is controlled by tracking the current injected into the AC network.
The control associated to each converter includes two PI controllers in cascade. The
outer slower loop defines the d and q current reference values and the internal fast loop
controls these currents by adjusting the modulation indexes of the converters. For each
converter, the d reference current can be set by the active power (P ) or by the DC
voltage (Vdc), while the q reference current will be controlled by the reactive power (Q)
or the AC voltage (Vac).
Figure 3.7: VSC-HVDC converter vector control strategy; (b) dq frame for decoupled
control.
In the active control loop for the VSC-HVDC system, one converter is set to control
the active power and the other must be set to control the DC link voltage, adjusting its
power flow. The reactive power control of the two converters is independent and each
converter can control either the reactive power or the voltage on the AC side [95].
3.2.2.2 Simulation Example
A point-to-point VSC-HVDC link was built in DIgSILENT PowerFactory, employing
the average two 2-level PWM converter models and with the explained control. The
converters and DC line data appears on Table 3.1. The rectifier was set to P -Q mode
and the inverter in Vdc-Q mode. The system response is tested to a solid three-phase
fault at the AC rectifier bus, cleared after 100 ms. Figure 3.8 shows the system response
to the fault and the recovery of the AC voltages (subplots (b) and (c)). The d and
q-axis signals for the inverter and rectifier (subplots (e) and (f)) are shown alongside the
corresponding DC power injections (subplot (a)) and DC voltages (subplot (d)) at each
terminal.
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Figure 3.8: VSC-HVDC system dynamic response following a fault at the rectifier
AC side bus, cleared after 100 ms: Black traces: Rectifier; Blue traces: Inverter.
3.3 Modeling and Control of DC Grids
This section describes the control and operation of a multi-terminal DC grid based on
VSC converters. A generic topology of a DC grid is depicted in Fig. 3.9 which connects
several onshore AC systems to offshore WFs.
Figure 3.9: DC grid generic topology.
VSC is the most appropriate technology for DC grid application, as it uses a common
DC voltage, parallel connections are easy to build and control [53].
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The modeling and control of VSC converters is as presented in the previous section.
Regarding the DC grid cable modeling, the current dynamics of a branch connected
between bus i and j is modeled by:
Ldcij
dIdcij
dt
+RdcijIdcij = Vdci − Vdcj (3.8)
where Rdcij is the resistance and Ldcij is the inductance of the line between stations i
and j. The DC current injected at bus i, Idci , is defined according to Fig. 3.10 for a DC
grid with n converter stations:
Cci
dVdci
dt
= Idci −
n∑
i=1
Idcij (3.9)
Figure 3.10: DC grid generic converter station.
Alternatively, the current injected in the DC grid by any converter i can be obtained as:
Idci =
n∑
j=1,j 6=i
1
Rdcij
(Vdci − Vdcj ) (3.10)
For a monopolar DC grid, the power injection from station i becomes:
Pdci = VdciIdci (3.11)
A review of the possible control strategies for the DC grid is presented next and a
generic model, constructed in DIgSILENT PowerFactory, is shown to evaluate the system
operation. Simulation results with the modeled system are presented to describe the
dynamic behaviour of the grid after a converter outage occurs.
3.3.1 Control of Onshore Converters
Different alternatives for the primary control of the converters in a DC grid are discussed
in this section. They are illustrated in Fig. 3.11. The basic strategies consider the
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converter controlled under constant voltage mode or constant power mode (subplots
(a) and (b), respectively). A combination of these two is the voltage margin control
(subplot (c)). The droop control strategy (subplot (d)) considers linear dependency
between power and voltage [55] and is the most likely approach to be employed to
control the onshore converters in a DC grid since it allows distributed voltage control in
the grid and provides N-1 security. Alternative control variants as ratio control [60] or
dead band control have been also proposed [59].
Figure 3.11: Direct voltage control methods for the converters in a DC grid: (a)
constant voltage, (b) constant power, (c) voltage margin, (d) P -V droop.
As a natural extension to point-to-point HVDC links, all but one converters in a DC
grid can be controlled to maintain their respective reference power while the remaining
converter controls the DC link voltage, acting as a slack converter. In case of a converter
outage, only the slack converter will take up the entire share of the resulting power
imbalance. Moreover, the outage of the slack converter will lead to the shut down of
the DC grid. For this reason, use of power-voltage (P -V ) droop in each converter is
recommended as it allows all the converters to operate in DC link voltage control mode
in order to achieve autonomous power sharing [96].
Figure 3.12 shows the single line diagram of an onshore converter with decoupled control
of the active and reactive power. The P -V droop control is considered in the active power
control loop, which can be expressed mathematically as:
Vdc = V
ref
dc − kp(Pdc − P refdc ) (3.12)
being kp the P -V droop constant. Note that in the adopted sign convention, the mea-
sured power is considered positive if the station acts as a rectifier. The value of the
droop constant influences the sharing of the power imbalance between the converters
[63].
3.3.2 Control of Offshore Converters
The offshore converters connecting the offshore WFs to the DC grid are required to be
controlled differently to transfer all the power the WFs are producing on to the DC grid.
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Figure 3.12: Control of onshore converter.
Typically the offshore converters act as stiff AC voltage sources which tightly regulate
the offshore AC voltage (Vac) at a given frequency (f
off ) as shown in Fig. 3.13 [97].
The offshore frequency can be altered without significantly affecting the operation of the
WF: as it is unlikely that loads will be connected directly to the offshore grid, variable
frequency operation of the system is possible [98].
Figure 3.13: Control of offshore converter.
Note that in the case of offshore WFs connected through a point-to-point VSC-HVDC
link, the offshore converter is operated as explained above while the onshore converter
maintains the DC voltage (constant voltage control in Fig. 3.11(a)).
3.3.3 DC Grid Test System
A general asymmetric bipole DC grid was modelled in DIgSILENT PowerFactory to
develop an understanding of the operation of a DC grid. This covers the more general
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configuration possible if compared with the monopolar case and it also allows the sim-
ulation of unbalanced faults in the DC side (e.g. outage of one converter in a station).
The system is based upon the one described in [99] and it consists in 4 bipole converter
stations named station #1 to #4, connecting four asynchronous AC grids modelled as
infinite bus systems, as shown in Fig. 3.14.
Figure 3.14: DC grid test system connecting 4 asynchronous AC grids.
Each converter station employs two VSC converters, named VSC(+) and VSC(-), cor-
responding, respectively, to the positive and negative pole. Accordingly, the DC cable
network has a positive, negative, and metallic return, being the metallic return only
grounded at station #1 with a 0.5 Ω resistance. This circuit will carry the current in
the case of unbalanced operation in the system. The DC link voltage is ±350 kV and
the AC systems are connected at 230 kV. Other relevant system data appears in Table
3.1.
This model allows to study the interactions between the DC grid and host AC systems
to determine the interaction between AC/DC following faults either in the AC or in the
DC side.
3.3.4 Simulation Examples
The case studies described next analyze the power sharing in the DC grid after a con-
verter outage occurs, in the absence of droop control and with droop control in place.
The impact of the droop constant selection is also evaluated. In the considered case
scenarios, under nominal condition, Stations #2 and #3 act as rectifiers while #1 and
#4 as inverters. No offshore converter connections have been considered.
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Table 3.1: DC grid parameters
VSC converter
Vdc Rated DC voltage ±350 kV
Vac Rated AC voltage 175 kV
Srated Rated Power 750 MVA
DC cable
l Length 500 km
R′ Line/Metallic return resistance 0.012 Ω/km
L′ Line/Metallic return inductance 2.4 mH/km
C ′ Line capacitance 0.012 uF/km
C ′m Metallic return capacitance 0.36 uF/km
Arm reactor & Transformer
Rc Resistance 0.07 Ω
Lc Inductance 40 mH
DC capacitor
Cc Capacitance 0.0004 F
3.3.4.1 Converter Outage
The first case study considers the outage of a converter operating as an inverter. The
outage of the negative pole converter in inverter station #4, VSC4(-), was considered at
t = 0.2 s. In this scenario, each pole of stations #2 and #3 exports 310 MW into the
DC grid while stations #1 and #4 extract, respectively, for each pole, around 420 MW
and 200 MW.
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Figure 3.15: System dynamic response following the outage of the negative pole of
station #4 (inverter): no droop control in the control of the converters. Black trace:
station #1; Red trace: station #2; Green trace: station #3; Blue trace: station #4.
Figure 3.15 shows the dynamic response of the system in the absence of droop control.
Station #1 is in constant Vdc control mode and the rest are in constant P control mode.
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Results for the positive pole are shown in the left column and for the negative one in the
right column. It is clear that the power sharing takes place only amongst the negative
pole converters, as the grid has an asymmetric bipolar structure. Very little variation
in the power sharing and DC link voltages for the positive pole is appreciated after the
fault. Focusing on the results for the negative pole, the outage of VSC4(-) causes an
importing loss of 200 MW from the DC grid (blue trace). The slack converter, VSC1(-),
takes the entire burden of the change in power flow in the DC grid, increasing its
imported power from 410 MW to almost 600 MW (black trace). VSC2(-) and VSC3(-)
do not participate in the power sharing and export the same power as in the pre-fault
conditions. Regarding the DC voltages, the voltage of the slack converter is maintained
with very little overshot in its transient response (black trace). A slightly greater voltage
variation is suffered at the terminals of VSC2(-) and VSC3(-) (red and green traces).
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Figure 3.16: System dynamic response following the outage of the negative pole of
station #4 (inverter): droop control in the control of the converters. Black trace:
station #1; Red trace: station #2; Green trace: station #3; Blue trace: station #4.
The system response with the droop control scheme is shown in Fig. 3.16, considering
kp = 0.1 for all the stations. Again, the converters of the positive pole do not participate
in the power sharing, as seen in the results in the left column, where small variations
are observed after the fault. The power imbalance caused by the outage of VSC4(-)
is now equally shared by the remaining converters in the negative pole. VSC2(-) and
VSC3(-) inject less power in the DC grid (red and green curves) and VSC1(-) imports
more (black curve). No severe transients are observed in the DC link voltages that now
stabilize at a different value, as expected.
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3.3.4.2 Droop Constant Selection
The effect of droop constant variation is analyzed in this section, considering P -V droop
control in the converters. The power imbalance after a converter outage is shared
amongst the remaining stations according to the chosen values of kp. To analyze the
impact of the droop constant selection we consider the same case study with the out-
age of the negative pole converter in station #4 (VSC4(-)) for the described operating
conditions.
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Figure 3.17: Effect of droop constant values on power sharing: Gray trace: kp = 0.05;
Orange trace: kp = 0.10; Green trace: kp = 0.15.
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Figure 3.18: Effect of droop constant values on DC link voltage deviation: Gray
trace: kp = 0.05; Orange trace: kp = 0.10; Green trace: kp = 0.15.
In a first scenario, described in Fig. 3.17 and Fig. 3.18, all the controllers have the same
droop constant kp. Different constant values were evaluated: 0.05, 0.10, 0.15. Figure
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3.17 shows the effect of the droop constant in the power sharing. Identical values of kp
would result in almost equal sharing of the burden among the converters, taking around
60 MW each. This occurs independently of the value of kp, as long as the converters
have the same droop constant. Regarding the effect on the DC link voltage deviation,
shown in Fig. 3.18, smaller kp ensures lesser deviation in DC link voltages, as expected.
The second scenario is described in Fig. 3.19 and it considers a different droop constant
for each converter station: station #1: kp = 0.15, station #2: kp = 0.10 and station
#3: kp = 0.05. The simulation shows that converter stations with lower droop constant
take more burden after the outage, deviating more from its pre-fault power. Station #1
imports around 33 MW more (black traces) while stations #2 (red traces) and #3 (green
traces) export around 56MW and 110 MW more. This can be explained by looking at
the controller in Fig. 3.19. The use of smaller kp values makes the converter operate
closer to DC voltage regulation and hence it would take more power imbalance after
the event. In contrast, greater droop constants make the converter operate trying to
maintain the specified power, taking less imbalance after the outage.
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Figure 3.19: Effect of droop constant values on power sharing: Black trace: station
#1 kp = 0.15; Red trace: station #2 kp = 0.10; Green trace: station #3 kp = 0.05;
Blue trace: station #4.
This analysis sets the basic ideas to work with adaptive droop constants to share the
power burden amongst the converters after the outage event depending on the system
operating conditions, as implemented in [63].
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Impact of Droop Constant Selection on System Stability
It is important to select adequately the droop constants in the controllers as they directly
impact the stability of the overall AC-DC grid system. To emphasize this, two additional
simulations are run considering again the outage of the negative pole converter in station
#4. It is clear from Fig. 3.20 that, with a droop constant of kp = 0.01 for all the
converters, the system shifts to a new post-contingency operating point. Alternatively,
with a droop constant of kp = 0.2 for all the converters, the system becomes unstable
after the fault, Fig. 3.21.
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Figure 3.20: System dynamic response following the outage of the negative pole of
station #4 (inverter): kp = 0.01 for all converters. Black trace: station #1; Red trace:
station #2; Green trace: station #3; Blue trace: station #4.
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Figure 3.21: System dynamic response following the outage of the negative pole of
station #4 (inverter): kp = 0.2 for all converters. Black trace: station #1; Red trace:
station #2; Green trace: station #3; Blue trace: station #4.
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By observing these results, we can generally conclude that:
• High kp values cause greater deviation in DC link voltages which may lead to
system instability after the converter outage.
• Very small kp values can also lead to instability, as observed in the simulations.
A modal analysis could better define the effect of varying the controller parameters but,
in any case, there exists the need to establish upper and lower bounds on the droop
constants to ensure the stability and secure operation of the system.
3.4 Wind Turbine Generation (WTG) System
3.4.1 Wind Turbines Technologies
Wind turbine technology has significantly evolved in the past thirty years and the avail-
able WTGs nowadays can be classified as follows [100], [101]:
• Type 1: fixed speed squirrel-cage induction generator (FSIG).
The FSIG wind generator employs a squirrel cage induction machine directly con-
nected to the grid together with a capacitor bank to compensate the reactive
current consumption of the induction generator, Fig. 3.22(a). It operates at
substantially constant speed, which limits the energy extraction. Despite its sim-
plicity, it also poses some operational problems. The generator has a bad response
to network faults, the wind power fluctuations are transmitted to the grid and
they cause mechanical stress on the turbine.
• Type 2: variable rotor resistance induction generator.
This is an evolution of FSIG that uses a simple concept for variable speed opera-
tion. It employs a wound-rotor induction generator in which the rotor resistance
can be adjusted to vary the generator slip, which allows a wider speed operation
range, improving the power extraction.
• Type 3: doubly fed induction generator (DFIG).
The doubly fed induction machine, Fig. 3.22(b), consists in a wound-rotor induc-
tion generator connected to the grid via the stator side and also via the slip-rings of
the rotor through two power converters connected back-to-back. The rotor voltage
is controlled by injecting a variable frequency current which allows variable speed
operation, being the electrical power produced and the rotor speed independent.
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The fundamental feature of the DFIG is that the power through the converter is
a fraction of the total turbine rated power and therefore its size, cost and losses
are smaller compared to a fully rated converter wind turbine.
• Type 4: fully rated converter FRC WTG.
Fully rated converters wind turbines are grid connected via a frequency converter,
Fig. 3.22(c). The generator is hence completely decoupled from the grid, which
allows variable speed operation of the WTG. They can employ synchronous or
induction generators, but the first ones are more suited to large power applications.
The synchronous generator can be externally excited or with permanent magnets.
Figure 3.22: WTG most common technologies.
These four categories cover the evolution of the wind turbine technologies. The earlier
wind generators employed were FSIG which in the last decade have been gradually
replaced by the so-called variable speed generators (Type 3 and 4), more convenient for
large scale applications. These type of machines are expected to supply the majority
of wind power in the future. The present industry trend is to use variable speed wind
turbines with fully rated converter and permanent magnet synchronous generators [102].
Due to simplification (or even elimination) of the gearbox they require less maintenance
and are more suited for offshore applications. In addition, they suffer less mechanical
stress due to grid fluctuations as the converter decouples them from the grid.
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3.4.2 Wind Turbine Generator Basic Control
Variable speed wind turbines with fully rated converter (FRC) and permanent magnet
synchronous generator (Type 4) are considered in this work.
Figure 3.23: FRC Wind turbine generator (WTG) control.
The control strategy for the FRC WTGs is shown in Fig. 3.23. The converter control
is according to the decoupled d-q operation principle previously explained in Section
3.2.2.1. The rotor side converter controls the real power extracted from the wind PW .
In addition, maximum power point tracking (MPPT) and pitch angle control [103] are
included to regulate PW .
The aerodynamic behaviour of the wind turbine is modeled by the following steady state
equation:
PW =
1
2
piρR2v3wCp(β, λ) (3.13)
where ρ is the air density, R is the radius of the turbine, vw is the wind speed and Cp
is the power coefficient. Cp is dependent on the pitch angle β and the tip speed ratio
λ = ωrR/vw, where ωr is the rotational speed of the turbine blades.
Expressions for the relationship of Cp with the tip speed ratio and the pitch angle can
be found in [104]. In this particular work we have employed tabulated data from from a
simulation model in DIgSILENT PowerFactory for a 1.5 MWWTG, plotted in Fig. 3.24.
Note that, for a constant wind speed, there exists an optimal tip speed ratio (optimal
rotor speed) at which the turbine extracts its maximum power, see Fig. 3.25. For low
wind speed conditions, the wind turbine operates in the so called sub-rated regime.
The MPPT control adjusts the rotor speed to ensure that the turbine operates at the
optimal tip speed ratio λopt, extracting the maximum power from the wind. The pitch
angle is kept to 0◦, which corresponds to the maximum power coefficients. Alternatively,
for wind speeds above the rated one, the turbine operates in the rated regime with an
increased pitch angle (β) to limit the turbine speed and output power at their rated
values.
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Figure 3.25: Operating regions of the wind turbine depending on the wind speed
(black trace).
The WTG model is completed by including a two-mass model representing the mechan-
ical coupling between the turbine and the generator, as in [103]. An aggregated model
of WTGs would be employed to model a complete WF.
3.5 Thyristor Controlled Series Capacitor (TCSC)
A thyristor controlled series capacitor (TCSC) is a FACTS device formed by a fixed
capacitor bank connected in parallel with a thyristor controlled reactance (TCR), as
shown in Fig. 3.26. It provides smooth variation of a transmission line series reactance
allowing to control the power flowing through it [18].
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Figure 3.26: TCSC topology.
When the thyristor valve is not triggered, the TCSC is said to be in blocking operating
mode. In this case XTCSC = XC , as the current just flows though the capacitor branch.
The firing angle of the thyristor α determines the effective impedance of the TCSC
XTCSC , given by [18]:
XTCSC = XL(α)//XC =
XC ·XL(α)
XL(α)−XC
XL(α) = XL
pi
pi − 2α− sin(α) 0 ≤ α ≤ pi/2
(3.14)
For α = 0◦ the thyristor valve is triggered continuously and the TCSC behaves like a
parallel connection of the series capacitor and the inductor. This is also known as bypass
operating mode. Depending on the value of the impedance of the reactor XL(α) with
respect to the one of the capacitor XC , the TCSC can provide inductive or capacitive
compensation. We focus here on this last aspect (αlim ≤ α ≤ pi/2).
The degree of compensation k given by a TCSC device is defined as the TCSC effective
reactance divided by the inductive reactance of the compensated line:
k(%) =
XTCSC
Xline
· 100 (3.15)
The dynamic characteristics of the TCSC have been approximated using a fixed capacitor
in parallel with a variable reactance. A single time constant T is used to model the
control response of the TCSC, as presented in Fig. 3.27. XrefL is the initial inductive
reactance value and XctrlL is the one defined by supplementary controls.
Figure 3.27: TCSC control model.
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3.6 Chapter Summary
This chapter has described the dynamic modeling of several relevant power system el-
ements in the simulation software DIgSILENT PowerFactory. These included LCC-
HVDC, VSC-HVSC, DC grids, WTG and TCSC FACTS devices. Simulation examples
have been provided to validate their behaviour.
Chapter 4
Analysis of Dynamic Models of
the GB Transmission System
This chapter introduces two dynamic models which are representative of the Great Britain
transmission system. Several studies are presented to validate the networks dynamic
behaviour and illustrate the stability problems presently associated to the transmission
system. The two versions of the network that have been considered are:
• An small three-area GB equivalent test system which was extended to accommodate
some of the planned network reinforcements.
• A reduced model of the GB transmission network developed by National Grid con-
sisting of 36 zones and representative of a 2030 operating scenario.
These networks were set up in DIgSILENT PowerFactory and would be employed in the
next chapter of this thesis to validate the proposed corrective control approach to increase
the transfer capability of the grid.
4.1 Three-Machine GB Equivalent Test System
This model is based upon the one described in [105], shown in Fig. 4.1, whose structure
and parameters have been chosen to be roughly representative of the English-Scottish
power system. It consists of three generation areas: Area 1, representative of the South-
ern Scotland network (owned by Scottish Power Transmission Limited - SPT), Area
2 representative of the Northern Scotland network (owned by Scottish Hydro Electric
Transmission plc - SHELT), and Area 3 of the England and Wales network (owned by
67
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National Grid Electricity Transmission plc - NGET, for simplicity, NG). These three
entities own the GB onshore transmission network, which is operated by NG. In the test
system, Areas 1 and 2 are connected to the main system, Area 3, by two double circuit
parallel tie-lines, Line A and Line B (also referred in this thesis as the Anglo-Scottish
boundary). Area 1 is closely coupled to the main system, while Area 2 is relatively
remote.
Figure 4.1: Three-machine GB equivalent test system.
A scenario with all conventional synchronous generators is set as a reference case for our
studies. An aggregated round rotor synchronous generator is considered to represent
each area of the system. The three generators are equipped with excitation control,
local PSS and are driven by steam turbines with governor control, (see [105] for details).
The data for the system can be found in Appendix B. The operating scenario considered
for this study slightly differs from the one presented in [105]. Stressed operation of the
system is now studied with 4.4 GW going into the main system through the two tie-lines.
Generation levels in Area 1 and 2 were doubled and the load in bus NHV 4 adjusted to
achieve this.
Despite its simplicity, this three-machine network is a reasonable representation of the
dynamic behaviour of the GB system and, in particular, the problems associated with
high power transfer across the Anglo-Scottish boundary. A detailed model of the GB
transmission system developed by Scottish Power [106] exhibited a sharp transition from
a stable and well damped to transiently (first swing) unstable condition after the outage
of one of the two transmission corridors for high pre-fault power transfers through these
tie-lines. This behaviour was reproduced in this small test system.
4.1.1 Anglo-Scottish Boundary
In the GB transmission network the interconnection between Scotland and England (also
known as ‘Anglo-Scottish boundary’ or ‘B6 boundary’) has been identified as a critical
transmission corridor. The transfer capacity is limited by angle stability considerations
Chapter 4. Analysis of Dynamic Models of the GB Transmission System 69
and is inadequate to support the projected growth in power transfer from the North to
the South of the UK, primarily onshore and offshore wind [107]. This Anglo-Scottish
boundary is the boundary connection between SPT and NG and comprises two 400
kV double-circuit overhead line routes [49]. Currently the transfer limit is set by the
N-2 security criterion to ensure secure system operation following the outage of one of
the two double-circuit corridors. The support from corrective control when the outage
occurs is not considered [108].
The Electricity Networks Strategy Group (ENSG) published a report in 2009 (and up-
dated in 2012) on the strategic reinforcements required to facilitate connection of the
new generation mix to the GB transmission network by 2020 [4]. The main proposed
transmission reinforcements to increase the B6 boundary capability are the installation
of series and shunt compensation around the Scotland-England interconnection and two
sub-sea HVDC links, embedded in the GB synchronous power system, along the West
coast and East coast. It is expected that with the installation of series compensation,
will allow each double-circuit corridor to be operated close to its thermal capacity of
4.4 GW. In addition, a 2.2 GW sub-sea LCC-HVDC link along the West coast of UK
is expected to be operational by 2016 to further increase the transfer capacity between
Scotland and England [12]. A second sub-sea HVDC link along the East coast of GB
connecting NG and SHELT, which will likely form the backbone of an integrated offshore
network, is also under planning.
4.1.2 Future Network Reinforcements
The three-machine GB equivalent test system has been adapted to accommodate the
expected network reinforcements in the system. Three different case studies have been
set up, as summarized below, and shown in Fig. 4.2:
Figure 4.2: Considered GB equivalent generic networks with transmission reinforce-
ments: (a) Case A. (b) Case B. (c) Case C.
• Case A: Series compensation in the form of TCSC were added to the two tie-lines.
Under normal (steady-state) condition, they provide 35% compensation [49] with
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Xc = 10 Ω and XL = 26.99 Ω. Note that the considered impedance of each tie-line
is Xline = 45.38 Ω.
• Case B: AWestern LCC-HVDC link is integrated with the AC system connecting
generation Areas 1 and 3. The LCC-HVDC has a power rating of 2.2 GW and a
voltage rating of ±500 kV. The detailed model and control of the link corresponds
to the one presented previously in Section 3.2.1. In steady-state condition the
LCC link is set to transfer 2.2 GW from North to South.
• Case C: A VSC-HVDC link is embedded in the Eastern side of the grid, rated
at 2 GW and ±500 kV which are feasible ratings for VSC transmission by the
time this link becomes operational. High voltage 500 kV XLPE DC cables are
under development [109]. The converters control is as specified in Section 3.2.2.
In steady-state condition the VSC link transfers 1.6 GW.
4.1.3 System Dynamic Behaviour
The national electricity transmission system security standards (SQSS) define the sys-
tem instability, after a fault outage on the system with an appropriate clearing time,
according to two different criteria: poor damping or pole slipping [108]. Poor damping
instability corresponds to outage scenarios in which the time constant of the slowest
mode of oscillation exceeds 12 s and pole slipping instability to those when one of more
generating units loose synchronism with the remainder of the system. As already men-
tioned, the three-machine system presents a pole slipping stability problem after the
outage of one of the tie-lines. A modal and transient stability analysis are presented
next to complete the dynamic characterization of the system.
4.1.3.1 Modal Analysis
A modal analysis for the presented reinforcement scenarios was conducted in DIgSI-
LENT, considering 4.4 GW being transferred through Line A and B. As mentioned
before, the levels of generation and demand in the North of the system were adjusted to
achieve this transfer level. The eigenvalue analysis determines that the system is stable
(all the eigenvalues lie in the left-hand side of the complex plane) and has one dominant
oscillatory inter-area mode.
Associated to a complex pair of eigenvalues, λi = σ ± jω, the frequency of oscillation
(f) and system damping ratio (ξ), are given by:
f =
ω
2pi
ξ =
−σ√
σ2 + ω2
(4.1)
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Table 4.1: Characteristic for the inter-area mode
σ ± jω Frequency Damping ratio Settling time
(Hz) (s)
Base: -0.186±2.962 0.471 0.0627 21.5
Case A: -0.416±3.333 0.530 0.1239 9.6
Case B: -0.536±3.407 0.542 0.1553 7.4
Case C: -0.534±3.197 0.509 0.1647 7.5
The characteristics of the inter-area mode for the considered reinforcement scenarios
are presented in Table 4.1. The associated mode shape (normalized right eigenvector
components showing the relative activity of the rotor speed of the three machines in the
mode) is plotted in Fig. 4.3 for the base case scenario. The mode shape corresponding
to the speed of generators 1 and 2 is opposite to the one of generator 3, which shows
that generators 1 and 2 oscillate against the main system.
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Figure 4.3: Mode-shape of the inter-area mode for the base case.
The corresponding participation factors (normalized product of right and left eigenvec-
tors) appear on Table 4.2. The participation factor analysis identifies the dominant
mechanical state variables (rotor speed ω and rotor angle θ of the generators) in this
particular mode.
Table 4.2: Participation factors for the dominant state variables in the
inter-area mode of the base case.
Participation Factors
ω (G1) 0.588 θ (G1) 0.658
ω (G2) 0.900 θ (G2) 1.000
ω (G3) 0.464
The Scotland-England inter-area mode observed in Table 4.1 is close to 0.5 Hz. For the
base case, this mode is not well damped, which improves significantly when the lines are
compensated. The frequency of the oscillations tend to increase after the reinforcements,
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as well as the damping of the mode, for the same transfer level on the AC tie-lines. This
inter-area mode is a limiting factor for the network utilization.
Another network oscillatory mode in which generator 1 is swinging against generator 2
appeared in the analysis. It is a local intra-area oscillation which is very well damped
due to the presence of power system stabilizers.
The effect that wind penetration and HVDC links have on the existing low frequency
inter-area oscillations of this system was analyzed and interpreted in [110] by observing
the change of damping and frequency of this mode in response to these changes.
4.1.3.2 Transient Stability Analysis
A time domain simulation is presented here to show the pole slipping instability problem
associated to the system. For the base case scenario, the boundary capability of B6 is
currently limited by voltage and angle stability to around 3.3 GW [49]. This limit is
expected to increase with the network reinforcements, up to the thermal capacity of each
corridor.
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Figure 4.4: Three-machine GB equivalent test system dynamic response to Line B
outage: (a) and (c) 3 GW transfer level; (b) and (d) 3.2 GW transfer level.
The three-machine GB equivalent system response to the outage of the tie-line Line
B is presented in Fig. 4.4 for different transfer conditions in the base case with no
reinforcements. The fault is a solid three-phase fault cleared after 80 ms by tripping the
line. The transfer limit in this case is present at a lower level of 3 GW. Subplots (a)
and (c) show the generators 1 and 2 angular separation with respect to generator 3 and
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the and the active power through the remaining tie-line for 3 GW transfers. Subplots
(b) and (d) show the same results for 3.2 GW power transfer. As seen in [106], the
system jumps from stable to transient unstable conditions after the line outage when
the transfer level increases, without experiencing a growing oscillation problem. In fact,
the system response is well damped (plots (a) and (c) in Fig. 4.4). This transient
stability problem is also present in the future reinforcement scenarios, which are tackled
in the next chapter of this thesis.
4.2 Reduced GB Equivalent System by National Grid
This network is a reduced model of the full GB transmission system developed by Na-
tional Grid. It has to be emphasized that, according to NG, the model is not an accurate
network reduction but is designed to ensure that power flow directions and magnitudes
are comparable with those seen in the full system studies. The system comprises 64 lines
at 400 kV, corresponding to the main transmission corridors in the system (at 400 kV,
275 kV and 132 kV). The data from these circuits was approximated based on the full
GB transmission system model built in ELLA (the in-house power systems analysis soft-
ware). A total number of 36 zones (or buses) have been specified corresponding to the
principal generation and demand areas. The base generation data corresponds to NG’s
2020 studies. Different types of generators have been considered, clustered into groups
of generators of the same type located close by geographically. Loads are represented
as an aggregated load in each zone and modelled as a constant impedance load. All
synchronous generators are equipped with governor control (except the nuclear power
plants) and automatic voltage regulator (AVRs). Wind generators are represented by
an equivalent static generator (i.e. controllable voltage source). Reactive compensation
in the form of SVC is provided at different locations.
Some adjustments were made to the model to make it operable. Amongst the main
ones: reduction of the spinning reserve, the inertia of the generators was adjusted to the
type of considered generation: 5 pu for gas/coal, 6 pu for nuclear, 4 pu for biomass and
3 pu for hydro generation, the constants of the governor modal were also adjusted and
control for the wind generators was included.
4.2.1 Future Transmission Network Overview
This system was recently updated with a second version containing network develop-
ments corresponding to a future 2030 operating scenario. This solved some issues ex-
perimented upon the previous model, included PSS in the synchronous generators and
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Figure 4.5: Reduced GB equivalent system by NG - 2030 vision.
added compensation on lines 26-27W and 25-27E up to 35%. The main upgrades corre-
spond to the inclusion of several DC connections to other systems (interconnectors) and
embedded links within the system, as can be seen in Fig. 4.5.
Note that zones 27E, 27W, 28, 29, 30, 31, 32 and 33 correspond to the Scottish power
system. The Anglo-Scottish (B6) boundary is represented by Line 26-27W and Line 25-
26E, from here onwards also referred as Western AC corridor and Eastern AC corridor.
Again, each corridor represents a double circuit line from the real system.
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Currently there are four HVDC connections from the main transmission system to other
networks. These are: IFA (2000 MW, ±270 kV) to France, Moyle (450 MW, 250 kV)
to Northern Ireland, BritNed (1000 MW, 450 kV) to the Netherlands and EWIC (500
MW, ±200 kV) to Ireland. It is expected that in the future this number of intercon-
nections would increase, with five more links with signed connection agreements and to
be commissioned around 2020 (NEMO, ElecLink, IFA2, NSN, Northconnect) [49], as
reflected in Fig. 4.5. The HVDC terminals of these interconnections and the embedded
links are modelled as controllable voltage sources. The model of the embedded links has
been updated, using the average dynamic models presented before.
A new generation scenario was given for the system, taking into account the expected
change in the generation mix. Table 4.3 shows a comparison between the present operat-
ing scenario and a possible future one. The main changes are less reliance on coal based
generation, while encouraging biomass technology, and increase in wind generation al-
though moderate in this case. Levels of gas generation are maintained, while nuclear
increases due to connection of new planned plants. The interconnections exchanges in
2030 are assumed balanced for simplicity.
Table 4.3: Generation scenarios overview for 55 GW demand.
Generation 2014 Scenario 2030 Scenario
Type (GW) (GW)
Coal 17.96 5.31
Gas 22.86 23.71
Nuclear 8.09 12.49
Biomass 1.88 2.98
Hydro 0.81 1.55
Wind (Onshore/Offshore) 3.74 10.00
Interconnectors (balance) 0.91 -
Total Generation 55.34 56.05
Total Load 55.47 55.08
This shows a comparison between two possible operating scenarios. Further information
on future generation scenarios and trends on installed generation capacity expected by
NG can be found in [49] and a detailed summary of these changes in [111]. From here
onwards we focus our studies on the 2030 scenario.
4.2.2 System Dynamic Behaviour
4.2.2.1 Modal Analysis
A modal analysis was conducted for the base 2030 operating scenario with 55 GW
demand as presented in Table 4.3. A transfer level of around 4.4 GW through the B6
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boundary was considered. The England-Scotland inter-area mode was identified at 0.6
Hz, shown in the first row of Table 4.4. Figure 4.6 and Table 4.5 show, respectively, the
mode shape and participation factor of this mode. The mode shape shows a group of
generators located in the North of the country oscillating against generators in England
(the speed states of these two groups of generators is opposite).
Table 4.4: Characteristic for the inter-area mode.
Line out Total AC transfer σ ± jω Frequency Damping Settling time
of service B6 boundary (MW) (Hz) ratio (s)
- 4384 -0.470±3.810 0.606 0.122 8.5
Eastern AC 4320 -0.367±3.722 0.592 0.098 10.9
Western AC 4411 -0.329±3.737 0.594 0.087 12.2
Following the system instability criteria marked by the SQSS, and considering only one
tie-line in place (N-2 security), a poor damping problem was revealed when the system
is operated with just the Eastern corridor: the inter-area mode has a settling time of
above 12 s. This limits the power transfers through the Anglo-Scottish boundary to 4.4
GW for this operating scenario.
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Figure 4.6: Mode-shape of the inter-area mode for the base case.
Table 4.5: Participation factors for the dominant state variables in the
inter-area mode.
Participation Factors
ω (Z01Gas) 0.144 θ (Z10Gas) 0.074 θ (Z21Gas) -0.138
ω (Z01Nuclear) 1.000 θ (Z04Gas) 0.103 θ (Z22Nuclear) -0.200
ω (Z19Nuclear) 0.069 θ (Z12Nuclear) -0.107 θ (Z23Biomass) -0.069
ω (Z22Nuclear) 0.058 θ (Z16Gas) -0.082 θ (Z24Gas) -0.099
ω (Z27ENuclear) 0.137 θ (Z19Nuclear) -0.280 θ (Z27ENuclear) -0.362
ω (Z29Coal) 0.134 θ (Z20Gas) -0.069 θ (Z29Coal) -0.297
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4.2.2.2 Transient Stability Analysis
The impact of the outage of one of the two transmission corridors of the Anglo-Scottish
boundary on the transient stability of the system is evaluated in this section. We em-
ploy a transient stability index (TSI), previously reported in the literature [112, 113],
which measures the relative rotor angle separation between the generators in the system
following a fault in the network. This is used as an stability indicator that evaluates the
severity of a contingency.
TSI =
360◦ − max (δpostmax)
360◦ − δpremax (4.2)
where δpremax and δ
post
max correspond to the maximum rotor angle deviation between two
generators in the system for pre-fault conditions and post-fault conditions, respectively.
The δpremax difference before the fault occurs is a steady-state value, whereas δ
post
max is
evaluated dynamically by monitoring the maximum angle separation between any two
generators in the system (at the same time) in the post-fault response: δpostmax(t) =
max [δ1(t), ..., δng (t)]− min [δ1(t), ..., δng (t)]. Note that rotor angles measurements are
considered with respect to the reference machine rotor angle, in degrees. The TSI value
is narrowed between 1 and 0, with values close to 1 corresponding to highly stable cases
and values close to 0 to unstable situations.
The TSI was calculated for different transfer conditions through the B6 boundary con-
sidering the outage of either the Western or the Eastern AC corridor. A rigid three-phase
fault with a clearing time of 120 ms is applied near Zone 27W for the Western AC cor-
ridor outage while the same fault was applied near Zone 25 for the Eastern AC corridor
outage. These locations were found to be the more severe ones respectively for each
outage. The transfers were calculated by gradually rising the level of synchronous gen-
eration in Scotland while proportionally decreasing all the generation in England-Wales.
The level of asynchronous generation in Scotland was maintained. Thee scenarios have
been considered: the base case (55 GW demand and 10 GW of wind generation), a
second scenario with increased wind generation (55 GW demand and 16 GW of wind
generation) and a final scenario with reduced demand (40 GW demand and 10 GW of
wind generation).
Variation of the TSI index over the loading conditions on the B6 boundary is presented
in Fig. 4.7 and Fig. 4.8 for the aforementioned outages.
Some general observations can be extracted from the previous figures:
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Figure 4.7: Transient Stability Index (TSI) comparison for different transfer condi-
tions through the B6 boundary after the outage of the Western AC corridor.
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Figure 4.8: Transient Stability Index (TSI) comparison for different transfer condi-
tions through the B6 boundary after the outage of the Eastern AC corridor.
• For the Western AC corridor outage, as the power through the boundary increases,
the TSI reduces for the three operating conditions. Despite this, even for high
transfers, the system gives a fairly stable transient response. This trend is not
clear for the Eastern AC corridor outage, although the TSI would significantly
drop for very high transfer conditions.
• The effect of increased wind generation in the system is significant in reducing the
TSI values for hight transfer levels in the case of the Eastern AC corridor outage.
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• Reducing the system demand to 40 GW worsens the transient stability of the
system for the outage of the Eastern AC corridor outage, in particular for high
power transfers. It has the opposite effect for the outage of the Western AC
corridor.
It needs to be pointed out that, for different operating conditions, either pole slipping
or poor damping problems might be encountered in the system, ultimately limiting the
power transfers through the B6 boundary.
4.3 Chapter Summary
Two test systems representative of the dynamic behaviour of the Great Britain trans-
mission network have been presented in this chapter. The small signal and transient
stability of these systems was studied for different conditions. In particular, the analy-
sis was focused in the outages of the transmission corridors forming the Anglo-Scottish
boundary, which may trigger rotor-angle stability problems in the system.
With expected network reinforcements such as TCSC and HVDC links, post-fault cor-
rective control could be exercised through these actuators to achieve higher nominal
power transfers through this boundary without compromising system security. This is
illustrated in the next chapter of this thesis, where a corrective control through HVDC
links and/or TCSCs based on wide-area measurements is described.

Chapter 5
Corrective Control using Model
Predictive Control
This chapter presents a post-fault corrective control scheme for power system stabiliza-
tion considering fast power electronic actuators like HVDC and FACTS. A real-time
control strategy which adapts the available control variables within the specified operat-
ing constraints to ensure stable system operation following a large disturbance has been
implemented. The strategy is based on fast power system synchronized measurements
available from PMU units and formulated as a model predictive control (MPC) problem
as it can explicitly account for system constraints and the expected future behaviour of
the system. The proposed control has been tested in the two test systems representative
of the GB transmission network presented in Chapter 4 for different outages with the
aim of increasing the pre-fault power transfer levels.
5.1 Introduction
In this chapter, fast control of FACTS (TCSC) devices and HVDC links is addressed as
post-fault corrective actions to ensure system stability without the need to preventively
constrain the network. The objective is to explore the use of automated decisions, based
on wide-area information, that can preserve the stability of the system after severe faults
and outages. In particular, a real-time control strategy which adapts the available control
variables to enhance the rotor angle stability of the system following a large disturbance
like a line outage is presented. A model predictive control (MPC) framework is used as
it can explicitly account for system constraints, which are critical for expensive power
electronic actuators. Moreover, it can handle multi-input multi-output (MIMO) systems
and it optimizes the control effort of the actuators.
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The design of the controller is presented first, with emphasis on the theoretical basis of
the control method, following [114] and [2]. Several case studies are shown next to assess
the effectiveness of the corrective control. Illustrative examples on the three-machine
GB equivalent test system are set initially to evaluate certain aspects of the controller
which was later implemented in the reduced GB equivalent system by NG.
5.1.1 Model Predictive Control Overview
Model Predictive Control was originally developed nearly 35 years ago to meet the
control needs of the petrochemical industry and to control plant processes, but now has
expanded into a wide variety of applications from aerospace and automotive industry to
food processing [115]. Application of predictive control in power systems is not new and
studies have been carried to tackle several problems like solve thermal overloads, enhance
voltage stability and damping provision, as discussed in Chapter 2. With continuous
improvement in computing and parallel processing, MPC can be used to address also
transient stability problems, which quickly evolve in sub-seconds time frame.
Several features makes MPC attractive over other standard control strategies [2, 114]:
• Its design formulation which can naturally handle multi-variable control problems
and its simple design framework can incorporate an explicit plant model, preserving
the physical meaning of the process variables.
• The ability to handle hard and soft constraints, which allows operation closer to
the constraints.
• It performs the optimization using a moving time horizon which makes it suitable
for on-line applications.
MPC is a discrete-time control strategy that adopts a receding horizon approach: at
every time step k an optimal control problem is solved, determining a control sequence
that minimizes a certain cost function. The first element of this sequence is applied to
the controlled system and, at the next time step, the same process is repeated. This
basic principle of the MPC operation is described in Fig. 5.1, according to [2]. We
consider a discrete-time setting, Ts being the sampling time and k the current time step.
A reference trajectory yref(k+ i+1) is defined at time k to be followed by the system in
order to reach a desired steady state value. At each time k the controller estimates the
system states xˆ(k) from the available system measurements y(k). An optimal control
sequence uˆ(k + i) that minimizes the system predicted trajectories yˆ(k + i + 1) with
respect to the reference over a finite prediction horizon, from k to k +Np. Np is hence
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Figure 5.1: Principle of model predictive control, adopted from [2].
referred as prediction horizon. The objective is to determine a input sequence that
optimizes the predicted system behaviour. The predicted inputs and outputs (notation
yˆ) are based on a prediction model of the system dynamics. The control sequence is
considered to be applied for a Nc control horizon. From the optimal control sequence
that has been determined, only the first element u∗(k) is actually applied as the input
signal to the network. At the next time step k+1, the same process is repeated: system
state estimation, optimization process and input determination.
The limitations of the MPC strategy regard two main aspects: online computational
burden and stability. The former aspect is associated to the numerical resolution of the
optimization problem at each time step which becomes computationally expensive for
high-dimensional systems. The later aspect is concerned with the stability of the system,
particularly when the predicted and the actual trajectories differ, and can be addressed
in several ways (e.g. terminal constraints). The controller horizons directly affect these
two points and must be carefully selected. In addition, getting an appropriate system
model remains a major concern.
5.2 Controller Design
This section covers several aspects of the MPC formulation: the power system model,
the objective function and the constraints. A note is also given on the communica-
tion between DIgSILENT PowerFactory where the power system is simulated and the
interface to Matlab where the controller is implemented.
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5.2.1 Power System Model
The MPC formulation is based on a prediction model of the considered power system,
which is derived next. For stability studies, a power system can be described by a set
of differential algebraic equations (DAE):
x˙ = f(x, z, u) (5.1)
0 = g(x, z, u)
y = h(x, z, u)
where f , g and h are, respectively, vectors of differential, algebraic and output equations.
The vector x ∈ Rn corresponds to the system state variables, z ∈ Rnz to the algebraic
variables, u ∈ Rnu to the system inputs and y ∈ Rny to the outputs.
Linearizing (5.1) around the equilibrium point (x0, z0, u0) and eliminating the vector of
algebraic equations z, we can obtain the following representation of the system:
˙˜x = Acx˜+Bcu˜ (5.2)
y˜ = Ccx˜+Dcu˜
with: x˜ = x − x0, y˜ = y − y0 and u˜ = u − u0. The matrices Ac , Bc, Cc and Dc are
constant matrices of compatible dimensions and represent the linearized model of the
test system which can be used for analysis and control design.
MPC uses a discrete time setting. Accordingly, the discrete-time system dynamics used
in the formulation are obtained discretizing (C.1) using a zero order holder for a fixed
sampling time Ts: u(t) = u(kTs) ∀t ∈ [kTs, (k + 1)Ts], yielding:
x˜(k + 1) = Ax˜(k) +Bu˜(k) (5.3)
y˜(k) = Cx˜(k) +Du˜(k)
We consider that the system outputs y(k) do not directly depend on the control inputs
u(k), hence D = 0. Additionally, the linearized models considered in this work are open
loop stable, as the instability presented in the system is induced by a particular fault.
This model can be refreshed periodically in the control center of the grid operator
to adapt it to the system changing conditions. For example, 15-minutes is a typical
updating rate of the Energy Management Systems (EMS). During emergency situations,
in order to account for system configuration changes (e.g. line outages), breaker status
information can be considered in the control problem to update the system model.
Hence an updated post-fault model, that is calculated off-line depending on the potential
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critical outages, would be actually employed. Following this approach, the excursion in
the states is approximated by updating the discrete linear model.
5.2.1.1 Linear Model Estimation
In order to obtain a discrete time linear state-space model of the power system, a sub-
space identification procedure is applied. The fact that the simulation software used
within this thesis (DIgSILENT PowerFactory) does not provide linearized state-space
models motivated the use of this approach. The identification can provide a low-order
black-box model of the power system, as presented in (5.3), where the input signals are
the reference set points of the controlled devices and the outputs are different wide-area
measurements monitored across the system. It is assumed that the monitored measure-
ments at different locations can be available from a wide-area measurement collection
system (WAMS) getting signals from PMUs installed across the system. Note that these
would vary depending on the cost function considered in the MPC controller.
Use of subspace state-space system identification methods (so-called N4SID) has been
reported in several works [116], [117], [118] as a previous step to the design of controllers
in large power systems. This procedure is well documented and will be employed here to
obtain a reduced order model which can sufficiently represent the dynamics of the system.
In steady state, the system is excited with low-energy level signals of adequate amplitude,
typically pseudo-random binary signals (PRBS) [116], applied to the control inputs u(k)
of the system (e.g. HVDC reference power order or TCSC reference reactance). System
measurements y(k) are recorded (e.g. voltage phase angles or generator speed/rotor
angle measurements collected by a WAMS) and the data is processed for identification
purposes. The numerical algorithm n4sid in Matlab is employed to identify a linear
state-space model (matrices A, B, C, D) where the measured data has a good matching
with the estimated model. The identified model is also validated against the response
of the actual network in DIgSILENT to step pulses. A detailed note on this procedure
is given in Appendix C.
5.2.1.2 Observer Design
In order to calculate the predicted system states xˆ(k) from the monitored system mea-
surements y(k) at each instant k, the controller is equipped with a linear state observer.
A Kalman filter [119] was employed for this purpose. The equations for the observer
are:
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xˆ(k + 1) = Axˆ(k) +Bu(k) + L(y(k)− yˆ(k)) (5.4)
yˆ(k) = Cxˆ(k)
where xˆ(k) ∈ Rn is the state of the observer, yˆ(k) ∈ Rny is the output of the observer
and L ∈ Rnxny is the observer gain to be designed. We work under the assumptions
that the system states are observable and no error nor delay in the estimator is initially
considered.
5.2.2 Cost Function
The MPC seeks to determine a sequence of control inputs that minimizes a cost function
that reflects a certain control objective. Equation (5.5) gives a typical quadratic cost
function that is solved at each instant k over a prediction horizon Np. The first term in
(5.5) penalizes the deviation of the predicted system outputs y˜(k+i+1) from a reference
trajectory yref(k + i + 1), which might be a fixed set point or other predetermined
trajectory [2]. The second term minimizes the controller adjustments u˜(k + 1) over the
prediction horizon.
argmin
u˜k,...,u˜k+Nc−1
Np−1∑
i=0
(y˜(k + i+ 1)− yref (k + i+ 1))TQ(y˜(k + i+ 1)− yref(k + i+ 1)) + u˜T (k + i)Ru˜(k + i)
(5.5)
with y˜(k) = y(k) − y0 and u˜(k) = u(k) − u0, the vectors of system outputs and inputs.
It is considered that Nc ≤ Np and that the calculated inputs remain constant after the
control horizon ends: u˜(k + i) = u˜(k +Nc − 1) for all i ≥ Nc.
The diagonal matrices Q and R are the cost function weights, which in this case are
considered to be time-invariant. Following standard assumptions of MPC theory: Q  0
and R  0. The Q weight accounts for the deviation of the output variables from their
reference value while R accounts for the control effort.
Note that the weight matrices, the reference trajectories and the prediction and control
horizons would have a major impact on the performance of the controller. Lower pre-
diction/control horizons are preferable from a computational point of view, given the
duration of each time step. However, small finite horizons may pose the risk that the
resulting closed loop system is unstable, as the predicted and actual system trajectories
may differ. In the simulations presented next, we have set these parameters through a
trial and error process. Unless specified otherwise, in the simulations presented in the
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next sections, the controller time step Ts is 20 ms (which is equal to the typical sampling
rate of PMUs), the prediction horizon is set to Np = 25 and the control horizon Nc = 5.
5.2.2.1 Reference Trajectories
The aim of the controller is to maintain the rotor angle stability of the system. With
this purpose, different performance targets have been studied based on different system
measurements that are directly related to this type of stability: (a) voltage angles at
the buses at two ends of a critical transmission line, (b) generator rotor angles and (c)
generator rotor speeds. Their performance is evaluated through the simulation results
presented later in this chapter. As an alternative, other works have used transient energy
indexes employed in Dynamic Security Assessment (DSA) as the controller objective
function [43]. This considers the product of several system output variables and is out
of the scope of this work.
5.2.3 Control Constraints
The MPC controller has to stabilize the system, while respecting several constraints on
the control variables. This can be specified to both the controller input and outputs, as
follows:
yL − y0 ≤ y˜(k) ≤ yH − y0 k = 1,..., Np
uL − u0 ≤ u˜(k) ≤ uH − u0 k = 0,..., Np − 1
(5.6)
where yH and uH are the upper bounds and yL and uL are the lower bounds of the
system outputs and inputs, respectively.
For example, the power injected by the HVDCs in the system might be limited by the
ratings of the converters. Constraints are usually referred as ‘hard constraints’ if they
cannot be violated or ‘soft constraints’ if they can be relaxed to ensure the feasibility of
the problem in case the controller cannot meet them.
5.2.4 MPC Formulation
Taking into consideration all these aspects, the MPC controller can be finally formulated
with the quadratic programming (QP) problem in equation (5.7).
This optimization problem is to be solved at each sampling instant k, according to the
system measurements and the estimated system states. Note that only the first step from
the above solution would be applied as the input to the system. Further information
regarding the computation of a MPC controller can be found in Appendix D.
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argmin
u˜k,...,u˜k+Nc−1
Np−1∑
i=0
(y˜(k + i+ 1)− yref (k + i+ 1))TQ(y˜(k + i+ 1)− yref (k + i+ 1)) + ...
...+ u˜T (k + i)Ru˜(k + i)
s.t. x˜(k + 1) = Ax˜(k) +Bu˜(k)
y˜(k) = Cu˜(k)
x˜(k) = x0
yL − y0 ≤ y˜(k) ≤ yH − y0 k = 1,..., Np
uL − u0 ≤ u˜(k) ≤ uH − u0 k = 0,..., Np − 1
(5.7)
5.2.5 Simulation Setup
The MPC controller was implemented inMatlab while the power system was simulated
in DIgSILENT PowerFactory. The data transfer between the two softwares is possible
through a link created using the dynamic simulation language DSL of DIgSILENT, as
depicted in Fig 5.2.
Figure 5.2: DIgSILENT interface with Matlab.
At each communication instant k different measurements y(k) were recorded from the
simulation in DIgSILENT and according to those, the MPC-based controller determined
the input set points u(k+1) of different actuators. The feedback control law is obtained
in an online process according to the explained receding horizon principle. Typically, a 1
ms time step was employed in the PowerFactory simulations but the data communication
between PowerFactory and Matlab was only updated every 20 ms, which corresponds
to the typical sampling interval for the phasor measurement units (PMU).
The simulations presented in this chapter have been run on a Dell T3500 machine
equipped with an Intel Xenon CPU (2.53 GHz) and 12.0 GB of installed RAM memory.
Each iteration of the MPC-based controller inMatlab was found to be resolved in about
1 s, whereas the whole simulation process turned out to be much more time consuming
(in the hour range).
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5.3 Case Study I: Three-Machine GB Equivalent System
5.3.1 Base Case: Corrective Control through Western LCC-HVDC
We initially demonstrate the effectiveness of an MPC-based corrective control strategy
in the three-machine GB equivalent test system introduced in the previous chapter. The
network is reinforced with the Western LCC-HVDC link and TCSCs in the corridor tie-
lines, as presented in the Case B of Fig. 4.2. The TCSC provides a fixed compensation
level of 35% on each line. The only actuator considered for the corrective control is the
power order of the LCC-HVDC. Rapid change of power flow through the Western LCC-
HVDC link can be used as a post-fault corrective control action to achieve high nominal
(pre-fault) power transfers through the Anglo-Scottish boundary. The proposed scheme
is depicted in Fig. 5.3.
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Figure 5.3: Three-machine GB equivalent test system with embedded LCC-HVDC
link and corrective control in place.
As a first approach, the voltage angles across the critical tie-lines are the monitored sys-
tem outputs. The cost function is formulated to minimize the deviation of these voltage
angles with respect to their pre-fault steady state value, with the aim of minimizing the
change in loading level of the critical lines after the outage:
y˜(k) =
[
δNHV 3(k)− δssNHV 3
δNHV 4(k)− δssNHV 4
]
yref =
[
0
0
]
u˜(k) = Pdc(k)− P ssdc (5.8)
with the weights1 Q = I · [1 1]′ and R = 0.1.
1The weights are consistent with the dimension of the monitored variables: power though the DC
links is recorded in pu on the base of the converter power rating and angle measurements in deg. A
typical choice is to select Q weights one order of magnitude higher than R weights. Note that the ratio
Q : R and not the individual values would be relevant.
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The contingency under study is the outage of one of the two double-circuit lines (N-
2 security). Three different power transfer levels across the Anglo-Scottish boundary,
termed as: heavy (6.93 GW) normal (6.60 GW) and light (5.72 GW) are considered.
In all these scenarios, the LCC-HVDC link operates at its rated capacity, carrying 2.2
GW. At t = 1.0 s a three-phase to ground fault occurs in one of the double-circuit lines,
Line B, which is cleared after 80 ms by disconnecting the faulted line. Figure 5.4 shows,
angular separation between generators 1 and 3 and the power flow through the healthy
line (Line A) without any corrective control in place. Under heavy loading (red trace),
the outage of Line B leads to transient instability if the Western HVDC link is operated
with a fixed (rated) power order of 2.2 GW. Hence, this scenario is not N-2 secure. For
lower power transfers corresponding to the normal (green trace) and light loading (blue
trace) scenarios, the system is secure according to the N-2 criterion.
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Figure 5.4: System dynamic response following Line B outage for heavy (red), normal
(green) and light (blue) loading conditions without corrective control: (a) Power flow
through Line A. (b) Angular separation between Generators 1 and 3.
Figure 5.5 shows the simulation results following the same contingency as above, but
this time with the MPC-based corrective controller in action. A linear state-space model
of 23rd order was identified to formulate the controller. It is clear the proposed control
strategy is able to ensure stable post-fault operation even under heavy loading condition
by exploiting the short-term overload capability of the LCC-HVDC (red traces).
A 15% short-term overload capacity has been assumed, which is realistic for thyristor
valves2. This upper limit on dynamic variation of active power has been considered
explicitly in the MPC calculations and is reflected in subplot (b) which shows the power
though the DC link. Note that the initial spike on the DC power is expected during the
transient while clearing the fault. The performance is also satisfactory for the normal
and light loading conditions (green and blue traces). As expected, the corrective control
2The overload may be in the range of 10-30% from minutes to several hours and up to 50% the normal
range for a few seconds [120].
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Figure 5.5: System dynamic response following Line B outage for heavy (red), normal
(green) and light (blue) loading conditions with MPC controller: (a) Power through
Line A. (b) Power through the DC link. (c) Angular separation between Generators 1
and 3. (d) LCC-HVDC voltage Vac at the rectifier end.
strategy attempts to minimize the change of loading level of the double-circuit corridor
in operation (Line A) following the outage of the other (Line B).
5.3.1.1 LCC-HVDC Short-Term Overload Capability
The maximum power that can be transferred though the parallel AC-tie lines depends
on the short-term overload capability of the LCC-HVDC link. The power trough the
link can be increased beyond its rated capacity for a short period depending on different
conditions like the thermal rating of the equipment, ambient temperature, availability
of redundant cooling equipment, etc [121].
Table 5.1: Influence of the short-term overload capability of the LCC-
HVDC on the performance of the corrective control.
LCC
Overload
Pre-fault
transfer (MW)
Post-fault
transfer (MW)
System
stable
Capability DC link Line A DC link Line A after fault?
10 % 2200 2365 2420 4510 No
15 % 2200 2365 2530 4400 Y es
20 % 2200 2365 2640 4290 Y es
Table 5.1 shows the impact that different levels of available short-term overload capa-
bility have on the allowable pre-fault power transfer levels across the B6 boundary. The
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scenario corresponds to a heavy transfer of 6.93 GW between North and South. It can
be observed that a 10% overload capacity is insufficient to preserve system stability after
the double-circuit outage. This is validated by the dynamic response in Fig. 5.6 (ma-
genta trace). Higher overload capabilities (above 15%) provide adequate headroom for
the corrective control to work satisfactorily (blue and black traces in Fig. 5.6). This im-
plies that heavy loading can be supported only if there is adequate short-term overload
capacity to be exploited.
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Figure 5.6: System dynamic response following Line B outage under heavy loading
conditions with corrective controller and 10% (magenta), 15% (blue) and 20% (black)
short-term overload capability for the LCC-HVDC. (a) Power through Line A. (b)
Power through the DC link.
5.3.2 Corrective Control through Western LCC-HVDC and TCSC
The next sections focus on the application of the corrective control through multiple
actuators. Three case studies are presented here to analyze the following aspects: the
use of breaker status to update the system model, the performance with different cost
functions and the influence of the weights factors in the response of the controller.
5.3.2.1 Updating System Model
The corrective control strategy is evaluated in the same three-generator GB equivalent
system with the Western LCC-HVDC and the TCSCs included. Both actuators are now
considered to be available for corrective control action: the LCC-HVDC power order and
the TCSC reactance of one of the lines. Initially, the TCSCs provide a compensation
level of 35% (XL = 26.99 Ω) while the LCC-HVDC is carrying 2.2 GW.
As seen before, for this scenario, with the LCC-HVDC and TCSC operated at a constant
reference, the system is transiently unstable after the loss of Line B, for transfers above
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4.4 GW. Figure 5.7 depicts a more clear view of this phenomena, showing the rotor
speed and angles of each generator with no corrective control applied. Generators 1 and
2 separate together from the main system, loosing synchronism after the line trip.
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Figure 5.7: System dynamic response following Line B outage without corrective
control: (a) Generators rotor speed. (b) Generators rotor angle.
We study a high loading scenario with 2.42 GW being transferred through each tie-line.
The corrective control is shown in Fig. 5.8 and has been tested to address the stability
problem caused by the outage of Line B.
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Figure 5.8: Three-machine GB equivalent test system with embedded LCC-HVDC
link and corrective control in place.
Once again, the cost function is based on voltage angles across the corridor to control
the system back to the pre-fault steady state:
y˜(k) =
[
δNHV 3(k)− δssNHV 3
δNHV 4(k)− δssNHV 4
]
yref =
[
0
0
]
u˜(k) =
[
P˜dc(k)
X˜L(k)
]
(5.9)
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with the weights3 Q = I · [0.001 5]′ and R = I · [10 3]′. In addition, the LCC-HVDC
link was considered to have an overload capability of 15% and that the compensation
level of the TCSC could be increased up to 40%, so the following input constraints were
imposed: [
−330 MW
−4.726 Ω
]
≤
[
P˜dc(k)
X˜L(k)
]
≤
[
330 MW
0
]
(5.10)
Since the outage of one line causes a critical topology change, the impact of updating
the linear prediction model used by the controller is evaluated next. This requires
monitoring the line breaker status to switch models. Note that the prediction models can
be calculated off-line, considering the possible outage of critical key transmission lines,
to cover the anticipated operation. Two 24th order state-space models were obtained
from the identification process: one does not consider the change in the grid topology
while the second one does.
The two controllers based in the different linear prediction models were designed and
tested for the Line B outage after a three-phase fault, cleared in 80 ms. Figures 5.9,
5.10, 5.11 and 5.12 show a comparative analysis between no switching (red traces) and
switching (black traces) the controllers in real time as the faulted line is disconnected. In
both cases the system transient stability is preserved, as shown in Fig. 5.9, by changing
the available actuators, see Fig. 5.10.
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Figure 5.9: System dynamic response following Line B outage with corrective control
in place. Red trace: no prediction model update; Black trace: with prediction model
update: (a) Generator 1 rotor angle. (b) Generator 2 rotor angle. (c) Power through
Line A. (d) Power through the DC link.
3TCSC reactance is recorded in pu, with Xline as base value.
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Figure 5.10: Controller manipulated variables. Red trace: no model update; Black
trace: with model update: (a) DC power injection, P˜dc; (b) TCSC reactance X˜L.
The predicted system response (corresponding to the first value of the predicted output
sequence) calculated in Matlab is plotted against the actual simulated responses in
DIgSILENT in Fig. 5.11 for the case of not updating the prediction model and in Fig.
5.12 for the case of updating it. It is clear that there is good match in the output
estimation when the controller is updated. Accordingly, from here onwards we consider
that the corrective control updates the prediction model of the system after the line trip.
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Figure 5.11: System outputs from DIgSILENT simulation (red traces) vs. estimated
ones from the controller in Matlab (gray traces) - Prediction model is not updated:
(a) Voltage angle at NHV3. (b) Voltage angle at NHV4.
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Figure 5.12: System outputs from DIgSILENT simulation (black traces) vs. esti-
mated ones from the controller inMatlab (gray traces) - Prediction model is updated:
(a) Voltage angle at NHV3. (b) Voltage angle at NHV4.
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5.3.2.2 Controller Weights
From the previous section, it can be observed that, for the considered cost function
and the studied weights, the actuators may saturate. In order to avoid this, higher R
weights could be selected which can provide a more suitable (although slower) response.
Note that the system dynamic response, and in particular the initial transient, would
be significantly affected by the weights selection.
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Figure 5.13: Controller manipulated variables. Black trace: R = I · [10 3]′; Green
trace: R = I · [25 25]′; Blue trace: R = I · [100 100]′. (a) DC power injection, P˜dc; (b)
TCSC reactance X˜L.
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Figure 5.14: System dynamic response following Line B outage with corrective control
in place. Black trace: R = I · [10 3]′; Green trace: R = I · [25 25]′; Blue trace:
R = I · [100 100]′. (a) Generator 1 rotor angle. (b) Generator 2 rotor angle. (c) Power
through Line A. (d) Power through the DC link.
Figure 5.13 shows a comparative analysis of the controlled inputs for different R weight
values in the cost function and the associated system response appears in Fig. 5.14.
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The scenario is the one presented in the previous section (see Fig. 5.8). Apart from a
slower response, which may compromise the controller performance, higher weights for
the control signals lead to a worse system response: the transients in the rotor angles
deviation are steeper as seen in subplots (a) and (b) of Fig. 5.14. In contrast, low
R weights are found to better damp the system oscillations with the disadvantage of
exhausting the actuators. Exploration of alternative cost functions is discussed in the
next section.
5.3.2.3 Alternative Cost Functions
Initially we have considered a cost function to minimize the voltage angles deviation,
which managed to preserve the system stability. However it was observed that this may
lead to the saturation of the actuators, since the pre-fault conditions are distant from
the post-fault ones. Alternative cost functions based on different reference trajectories
are explored next for the same scenario with two actuators studied in the previous
sections (refer to Fig. 5.8). The constraints on the manipulated variables in (5.10) are
maintained.
A. Rotor Angle Measurements
The minimization of the generator rotor angles deviation, θi, with respect to their pre-
fault center of inertia value (COI reference frame), θCOI , is evaluated in the objective
function as the goal is to preserve the system rotor angle stability, which is directly
related to these variables [122].
θCOI =
∑
Hiθi∑
Hi
with i = 1, ..., ng (5.11)
where ng is the number of generators in the system and Hi corresponds to the inertia
constant of the machine i. The variables considered in the control problem are:
y˜(k) =
[
θG1(k)− θssG1
θG2(k)− θssG2
]
yref =
[
θCOI − θssG1
θCOI − θssG2
]
u˜(k) =
[
P˜DC(k)
X˜L(k)
]
(5.12)
with the cost weights set as: Q = I · [0.01 0.01]′ and R = I · [100 0.1]′.
Figure 5.15 shows the system dynamic response after the outage of the tie-line Line B
with the MPC controller with the new cost function. The controlled variables (LCC-
HVDC power order and TCSC A reactance) are plotted in Fig. 5.16. However, no
significant benefit is observed in the controller performance over the previously consid-
ered objective function, and a similar response is obtained.
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Figure 5.15: System dynamic response following Line B outage with corrective control
in place: (a) Generators rotor angle. (b) Power through Line A. (c) Power through the
DC link. (d) LCC-HVDC voltage Vac at the rectifier end.
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Figure 5.16: Controller manipulated variables: (a) DC power injection, P˜dc; (b)
TCSC reactance X˜L.
B. Fixed Rotor Speed Measurements
A new objective function considering the deviation of the generators rotor speed from
the absolute system frequency, wref = 50 Hz, is studied here. As the stability problems
directly relate to the speed of the machines, it seems reasonable to try to keep the
system frequency close to the nominal operating frequency. The objective function is
formulated with these variables:
y˜(k) =


wG1(k)− wref
wG2(k)− wref
wG3(k)− wref

 yref =


0
0
0

 u˜(k) =
[
P˜DC(k)
X˜L(k)
]
(5.13)
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with cost weights4 Q = I · [10 10 10]′ and R = I · [50 0.1]′.
The system dynamic performance to the Line B outage is presented in Fig. 5.17, and the
controller manipulated variables in Fig. 5.18. It is clear that the controller not only can
stabilize the system, but also manages to improve the system damping, as seen in Fig.
5.17 (a). In Fig. 5.18 the calculated control variables are plotted, which reach a new
equilibrium with the LCC-HVDC link carrying 228 MW more than at steady-state and
the TCSC of Line A giving a 36% compensation, while respecting the imposed limits.
Additionally, in Fig. 5.19 the frequency variation of the three generators (black traces)
is compared with the ones of the prediction model in Matlab (gray traces), showing a
good match between both curves.
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Figure 5.17: System dynamic response following Line B outage with and corrective
control in place: (a) Generators rotor angle. (b) Power through Line A. (c) Power
through the DC link. (d) LCC-HVDC voltage Vac at the rectifier end.
4Frequency measurements are recorded in Hz and normalized with a 0.05 Hz limit frequency variation,
as reported in [39].
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Figure 5.18: Controller manipulated variables: (a) DC power injection, P˜dc; (b)
TCSC reactance X˜L.
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Figure 5.19: System outputs from DIgSILENT simulation (black traces) vs. esti-
mated ones from the controller in Matlab (gray traces): (a) Generator 1 speed. (b)
Generator 2 speed. (c) Generator 3 speed. (d) Reference trajectory.
C. Variable Rotor Speed Measurements
Finally, we evaluate a cost function considering a variable reference trajectory. The
average system frequency with respect to the center of inertia (COI) has been previously
proposed [39], [46], [43] and is defined as:
wCOI(k) =
∑
Hiwi(k)∑
Hi
with i = 1, ..., ng (5.14)
where ng corresponds again to the number of generators in the system and Hi to the in-
ertia constant of each generator. Alternatively, an analogous generator mean rotor angle
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trajectory θCOI(k), defined in a similar fashion, could have been employed. However, in
our experience, it did not produce good results.
The cost function is formulated similarly to (5.5):
argmin
u˜
Np−1∑
i=0
(y(k + i+ 1)− yref (k + i+ 1))TQ(y(k + i+ 1)− yref (k + i+ 1)) + u˜T (k + i)Ru˜(k + i)
(5.15)
with: y(k) =


wG1(k)
wG2(k)
wG3(k)

 yref =


wCOI(k)
wCOI(k)
wCOI(k)

 u˜(k) =
[
P˜DC(k)
X˜L(k)
]
(5.16)
where Q = I · [50 50 50]′ and R = I · [50 0.1]′.
Considering again the loss of Line B to test the controller, Fig. 5.20 plots the dynamic
response of the system, Fig. 5.21 the change in the manipulated variables and Fig.
5.22 the comparison between the frequency of the generators (in black) and the ones by
the prediction model in Matlab (in gray). With a variable reference trajectory based
on rotor speed measurements a good performance is also achieved: the system transient
response is improved and a better damping is observed. However, all frequencies converge
at steady state to a value that is different from the nominal one, see subplot (d) in Fig.
5.22.
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Figure 5.20: System dynamic response following Line B outage with corrective control
in place: (a) Generators rotor angle. (b) Power through Line A. (c) Power through the
DC link. (d) LCC-HVDC voltage Vac at the rectifier end.
With the previous observations we will continue the analysis considering the update in
the prediction model in the MPC controller and employing objective functions based on
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Figure 5.21: Controller manipulated variables: (a) DC power injection, P˜dc; (b)
TCSC reactance X˜L.
rotor speed measurements.
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Figure 5.22: System outputs from DIgSILENT simulation (black traces) vs. esti-
mated ones from the controller in Matlab (gray traces): (a) Generator 1 speed. (b)
Generator 2 speed. (c) Generator 3 speed. (d) Reference trajectory.
5.3.3 Corrective Control through Eastern VSC-HVDC
We now study the corrective control through a VSC-HVDC link. For this, we employ
Case C of the network reinforcements scenarios previously reported for the three-machine
GB equivalent test system, in Fig. 4.2. The controller implementation is based on rotor
speed measurements to track a fixed trajectory, as depicted in Fig. 5.23.
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Figure 5.23: Three-machine GB equivalent test system with embedded LCC-HVDC
and VSC-HVDC links and corrective control in place.
In the case of a VSC-HVDC link, several control inputs are available to be manipu-
lated (refer to Section 3.2.2). These are active and reactive power at the rectifier end
(P rec, Qrec) and reactive power at the inverter end (Qinv). It is not desirable to change
the DC link voltage, hence this channel (V invdc ) is not considered.
The following operating scenario is analyzed to evaluate the controller performance: the
Western LCC-HVDC link is operated at a fixed power of 2.2 GW, the compensation
in the tie-lines is at 35% and the Eastern VSC-HVDC operates part loaded carrying
1.6 GW. Again, the outage of one of the double circuit lines, Line B, occurs after a
three-phase to ground fault, cleared after 80 ms. Without corrective control in place the
system is found to be first swing unstable, as shown in Fig. 5.24.
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Figure 5.24: System dynamic response following Line B outage without corrective
control: (a) Generators rotor speed. (b) Generators rotor angle.
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We consider a cost function based on the generators rotor speed to track a constant
reference wref = 50 Hz, as in (5.13).
y˜(k) =


wG1(k)− wref
wG2(k)− wref
wG3(k)− wref

 yref =


0
0
0

 u˜(k) =


P˜ rec(k)
Q˜rec(k)
Q˜inv(k)

 (5.17)
and the following input constraints:


0
−1000 Mvar
−1000 Mvar

 ≤


P˜ rec(k)
Q˜rec(k)
Q˜inv(k)

 ≤


200 MW
1000 Mvar
1000 Mvar

 (5.18)
The limits for the active and reactive power are based on the converter capability limit
P -Q curve (due to limitations on the DC cable and DC voltage [123]) and approximated
above as an square [46]. Note that the converter power rating is 2000 MVA. The lower
limit on the active power was set to preserve the converter operation as a rectifier. The
application of MPC is interesting in this scenario: it would be preferable to exhaust the
Q-channels before the P one, and so the R weights in the cost function were set up with
this aim. Since the Q injections before the fault are close to 0, there is more headroom
on this channel than on the P one that is operating close to the limits of the P -Q curve.
We adopted Q = I · [5 5 5]′ and R = I · [100 1 1]′.
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Figure 5.25: System dynamic response following Line B outage with corrective control
in place: (a) Generators rotor angle. (b) Power through Line A. (c) Power through the
LCC-HVDC link. (d) Power through the VSC-HVDC link.
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The system response is given in Fig. 5.25 and the resulting active and reactive power
injections are plot in Fig. 5.26. The MPC-based controller managed to stabilize the
system after the line outage by manipulating the VSC-HVDC link references. A instan-
taneous violation is observed for the rectifier active power at the beginning of the fault,
Fig. 5.26 (a). This transient violation occurring following the fault clearance can be
accounted to the dynamics of the PLL and the inner current controllers of the converter,
despite limiting the P and Q order. Note that more control effort was exercised through
the Q variation, injecting both rectifier and inverter around 300 Mvar after the fault
transient (plots (b) and (c) in Fig. 5.26). The rectifier active power variation is around
70 MW when the system stabilizes (plot (a) in Fig. 5.26).
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Figure 5.26: VSC-HVDC power injections with corrective control in place: (a) VSC-
HVDC rectifier active power injection; (b) VSC-HVDC rectifier reactive power injec-
tion; (c) VSC-HVDC inverter reactive power injection.
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5.4 Case Study II: Reduced GB Equivalent System by NG
The proposed MPC-based control was also implemented in the reduced GB equivalent
system by NG, presented earlier in Section 4.2. The control was exercised through
one actuator, the Western LCC-HVDC, as depicted in Fig. 5.27. The DC link was
transferring 1.8 GW in pre-fault conditions and a 15% overload capacity was assumed.
Two simulations are presented, one for the base 2030 scenario with 55 GW demand and
a second one for a reduced demand scenario of 40 GW with increased wind penetration,
under stressed transfer conditions in the Anglo-Scottish boundary.
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Figure 5.27: Reduced GB equivalent system by NG with corrective control in place.
5.4.1 Signal Selection
We consider rotor speed measurements for the controller cost function with a fixed
reference trajectory, wref = 50 Hz, as in (5.13). Given the dimensions of the system,
a modal analysis was conducted to determine relevant generators to be monitored and
signaled to be part of the controller. Generators Z01Nuclear (3975 MVA), Z12Nuclear
(5417 MVA), Z27ENuclear (2130 MVA), all nuclear generators of a relatively big size,
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were considered good candidates. They showed a high participation factor and are
spread across the system. The mode shape corresponding to the speed states of the
generators showed that they form part of three different groups of coherent generators.
5.4.2 Case Study II.A: Base Scenario
This scenario considers high power transfers through the B6 boundary, with 5 GW being
transferred through the AC lines. For this scenario, at t = 2 s a rigid three-phase to
ground fault occurred on the Western AC line (Line 26-27W), close to bus 27W. The
fault is cleared by disconnecting the faulted line after 120 ms. As seen in the modal
analysis in Section 4.2.2.1, for transfers above 4.5 GW, this outage is found to cause a
poor damping instability problem, according to the SQSS criteria, and as shown in the
simulation results in Fig. 5.28.
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Figure 5.28: System dynamic response after Line 26-27W outage without corrective
control in place. Green traces: generators in Scotland - (light green: generators in
zone 27W, 27E); Blue traces: generators in England-Wales - (light blue: generators in
zone 25); Red trace: slack generator. (a) Generators rotor angle. (b) Generators rotor
speed. (c) Power through the DC link. (d) Power through Line 25-27E.
The proposed corrective control is implemented for this scenario to evaluate its damping
capabilities. The system response with the control in place is presented in Fig. 5.29 and
the response of the Western LCC-HVDC link in Fig. 5.30. It can be observed that the
control of the injected power by the DC link improves the damping of the oscillations
in the system (subplot (a) in Fig. 5.29), now settling sooner. The DC link post-fault
transfer stabilizes at 1943 MW (subplot (b) in Fig. 5.30) and its variation respects
the imposed constraints. An observation needs to be made on the power through the
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remaining Eastern AC line (subplot (d) in Fig. 5.29): the post-fault power is above
the thermal limit of the line (4.4 GW). In the considered time frames this magnitude of
overloading level can be assumed (around 15% in a 15 min window).
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Figure 5.29: System dynamic response after Line 26-27W outage with corrective
control in place. Green traces: generators in Scotland - (light green: generators in
zone 27W, 27E); Blue traces: generators in England-Wales - (light blue: generators in
zone 25); Red trace: slack generator. (a) Generators rotor angle. (b) Generators rotor
speed. (c) Power through Line 26-27W. (d) Power through Line 25-27E.
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Figure 5.30: LCC-HVDC dynamic response after Line 26-27W outage with corrective
control in place. (a) DC power injection P˜dc. (b) Power through the DC link. (c) DC
voltage Vdc at rectifier/inverter terminals. (d) AC voltage Vac at rectifier/inverter
terminals.
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5.4.3 Case Study II.B: Reduced Demand Scenario
A different operating generation scenario is now studied, considering reduced demand
in the system with respect to the previous case. The total demand is 40 GW and wind
generation is increased up to 16 GW. Under these conditions, the system is likely to
face transient stability problems as studied previously in Section 4.2.2.2. For high power
transfers through the Anglo-Scottish boundary (above 4.8 GW through the AC tie-lines),
the system is found to be transiently unstable after an outage on the Eastern AC line
(Line 25 - 27E). We consider an increased transfer level of 5 GW through this boundary.
At t = 2 s a rigid three-phase to ground fault occurs on Line 25-27E at 1% along the line
from bus 25. The fault is cleared by disconnecting the faulted line at t = 2.12 s. The
system loses synchronism during the first swing, as seen in Fig. 5.31, without corrective
control in place. Critical generators located in Scotland (zones 27E, 27W, 28, 29, 30, 31
and 32) quickly accelerate after the fault and then loose synchronism with the rest of
the system.
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Figure 5.31: System dynamic response after Line 25-27E outage without corrective
control in place. Green traces: generators in Scotland - (light green: generators in
zone 27W, 27E); Blue traces: generators in England-Wales - (light blue: generators in
zone 25); Red trace: slack generator. (a) Generators rotor speed. (b) Generators rotor
angle.
The system dynamic response with the corrective controller in place is shown in Fig.
5.32. The MPC-based controller prevents the loss of synchronism, and improves the
system damping (subplot (a)), with the selected objective function. The calculated
power reference and the actual power injections from the LCC-HVDC link appear in
Fig. 5.33. The link post-fault power injection stabilizes at 1672 MW, below the pre-
fault value.
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Figure 5.32: System dynamic response after Line 25-27E outage with corrective con-
trol in place. Green traces: generators in Scotland - (light green: generators in zone
27W, 27E); Blue traces: generators in England-Wales - (light blue: generators in zone
25); Red trace: slack generator. (a) Generators rotor angle. (b) Generators rotor speed.
(c) Power through Line 26-27W. (d) Power through Line 25-27E.
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Figure 5.33: LCC-HVDC dynamic response after Line 25-27E outage with corrective
control in place. (a) DC power injection P˜dc. (b) Power through the DC link. (c)
DC voltage Vdc at rectifier/inverter terminals. (d) AC voltage Vac at rectifier/inverter
terminals.
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5.5 Chapter Summary
The presented results show that the use of MPC algorithm updated with wide-area
measurements is a promising option for exercising corrective control though fast power
electronic actuators like TCSCs and HVDC links. The corrective control scheme was
tested an verified in a small three-machine system and extended to a realistic represen-
tation of the GB transmission network.

Chapter 6
Exchange of Frequency Support
across a DC Grid
The previous chapter focused on the use of HVDC embedded in an AC grid to enhance
its transient response after a severe outage. In this chapter, we consider HVDC con-
nections between several AC systems, forming DC grids. As introduced in Chapter 2,
with the future development of DC grids one of the main concerns, particularly from the
system operator’s point of view, remains the unknown interaction between the AC sys-
tem and the DC grid and the appropriate control of DC grids to support the AC system
operation. This chapter addresses this topic from the perspective of primary frequency
support exchange. Initially, different patterns of frequency variation of the AC systems
connected to the DC grid in response to AC-side and DC-side disturbances were iden-
tified. An analytical formulation is extended to account for these trends and backed up
through simulation results. Later, offshore WFs connected to DC grids are considered for
the provision of frequency (inertial) response and a proposed methodology is presented.
6.1 Frequency Support through DC Grids
6.1.1 Converters Control for Frequency Support Exchange
The converters in a DC grid can be controlled through a power-voltage (P -V ) droop
control, as introduced in Section 3.3. In order to allow the exchange of frequency reserves
between the AC systems connected to the DC grid, an additional frequency-voltage (f -
V ) droop control on top of the P -V droop in the converter control can be included
[67, 68]. Let us just consider onshore converters for the time being. Figure 6.1 shows
the single line diagram of an onshore converter with decoupled control of the active and
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reactive power. Both P -V and f -V droop controllers are considered in the active power
control loop, which can be expressed mathematically as:
Vdc = V
ref
dc − kp(Pdc − P refdc ) + kf (f − f ref) (6.1)
where kp and kf are the P -V and f -V droop constants, respectively. Note that the
measured power is considered positive if the station acts as a rectifier (power at the
converter terminal is flowing from the AC grid into the DC grid).
Figure 6.1: Control of onshore converter with P -V and f -V droops.
The presence of a f -V droop not only allows exchange of frequency support between the
onshore AC systems but it is also necessary to efficiently transfer the inertial response
from the offshore WFs connected through a DC grid. The additional power injected by
the offshore WFs would be countervailed by the onshore converters if only P -V droop
control is in place, i.e. the power injected by the onshore converters would change to
try to balance the surplus power within the DC grid, reducing the inertial support from
the WFs.
6.1.2 Frequency Changes in AC Systems: Steady-State Analysis
This section introduces a steady-state formulation to analyze the interactions between
AC and DC grids for events that require the exchange of frequency support. The start-
ing point of this work is the analysis reported in [70] which introduced the frequency
sensitivity for AC systems connected to DC grids. However, the analysis in [70] only
considered load/generation unbalances as the frequency event and did not explore the
effect of DC-side events like converter outage. Here the effect of DC-side disturbances
is included in a combined framework and the formulation is extended to several connec-
tion points between the AC system and the DC grid. In addition, following an event (or
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Figure 6.2: AC grid connection to DC grid.
disturbance), two distinctly different patterns of dynamic variation of the frequencies of
the AC systems connected to the DC grid have been identified.
Considering that the converters in the DC grid can be controlled with a P -V droop for
autonomous power sharing and with a f -V droop control to exchange primary reserves,
the steady-state equation (6.1) for the control of converter j connected to AC system i
expressed in small-signal form is the following:
∆P idcj = ∆P
ref,i
dcj
− 1
kpj
∆Vdcj +
kfj
kpj
∆fi (6.2)
If we assume no losses in the DC grid, the sum of the exchanged power between the n
converters of the DC grid is zero:
N∑
i=1
mi∑
j=1
∆P idcj = 0 (6.3)
where N is the total number of AC systems. Each AC system i is connected to the DC
grid by mi converter stations. Note that N ≤ n. Substituting (6.2) in (6.3) and making
the assumption that DC voltage variations are comparable at all converter terminals
(∆Vdc = ∆Vdcj ), we obtain an expression for DC voltage variations:
∆Vdc =
1∑N
k=1
∑mk
l=1 1/kpl
(
N∑
k=1
mk∑
l=1
∆P ref,kdcl +
N∑
k=1
mk∑
l=1
kfl
kpl
∆fk
)
(6.4)
In order to establish the connection between an AC system i and the DC grid, like shown
in Fig. 6.2, a power balance equation is used:
∆PLi +
mi∑
j=1
∆P idcj = ∆PGi where ∆PGi = −Ri∆fi (6.5)
for i = 1, ..., N . Each AC system i is represented by a local load PLi and the total
generated power PGi .
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Substituting (6.2) and (6.4) in (6.5) we obtain:
∆PLi = −

Ri∆fi + mi∑
j=1
kfj
kpj
∆fi

+ mi∑
j=1
1
kpj
1∑N
k=1
∑mk
l=1 1/kpl
N∑
k=1
mk∑
l=1
kfl
kpl
∆fk −
mi∑
j=1
∆P ref,idcj
+
mi∑
j=1
1
kpj
1∑N
k=1
∑mk
l=1 1/kpl
N∑
k=1
mk∑
l=1
∆P ref,kdcl (6.6)
Equation (6.6) can be rewritten as:
∆PLi = −

Ri + mi∑
j=1
kfj
kpj

∆fi + mi∑
j=1
qj
N∑
k=1
mk∑
l=1
kfl
kpl
∆fk −
mi∑
j=1
∆P ref,idcj +
mi∑
j=1
qj
N∑
k=1
mk∑
l=1
∆P ref,kdcl (6.7)
or equivalently:
∆PLi = −

Ri + mi∑
j=1
kfj
kpj
(1− qj)

∆fi + mi∑
j=1
qj
N∑
k=1,k 6=i
mk∑
l=1
kfl
kpl
∆fk (6.8)
−
mi∑
j=1
(1− qj)∆P ref,idcj +
mi∑
j=1
qj
N∑
k=1,k 6=i
mk∑
l=1
∆P ref,kdcl
In the previous expressions (6.7) and (6.8) the following notation is adopted:
qj =
1
kpj
1∑N
k=1
∑mk
l=1 1/kpl
si =
mi∑
j=1
qj Ci = Ri +
mi∑
j=1
kfj
kpj
(1− qj) (6.9)
Note thatmi is the number of connection from system i to the DC grid and
∑N
i=1mi = n.
Finally, equation (6.8) can be re-written in matrix form:
[A][∆f ] = [B][∆P refdc ] + [∆PL] (6.10)


−C1 · · · s1
mi∑
l=1
kfl
kpl
· · · s1
mN∑
l=1
kfl
kpl
...
. . .
...
...
si
m1∑
l=1
kfl
kpl
· · · −Ci · · · si
mN∑
l=1
kfl
kpl
...
...
. . .
...
sN
m1∑
l=1
kfl
kpl
· · · sN
mi∑
l=1
kfl
kpl
· · · −CN




∆f1
...
∆fi
...
∆fN


=


1− q1 · · · 1− qm1 · · · −s1 · · · −s1
...
...
...
...
−si · · · −si · · · 1− qmj · · · −si
...
...
...
...
−sN · · · −sN · · · −sN · · · 1− qmN




∆P ref,1dc1
...
∆P ref,1dcm1
...
∆P ref,idcj
...
∆P ref,NdcmN


+


∆PL1
...
∆PLi
...
∆PLN


Frequency variations in the interconnected AC systems can hence be expressed in terms
of load/generation changes (∆PL) and converter power reference changes (∆P
ref
dc ). The
variation ∆PL reflects AC side disturbances while ∆P
ref
dc variation relates to DC side
disturbances. Note that with only P -V droop in place in the converters, the matrix [A]
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in (6.10) is diagonal. In order for the formulation to be coherent, the droop constants
needs to be dimensionless, hence the reference values employed correspond to:
kp[] =
kp
P basedc
kf[] =
kf
f base
R[] =
RP baseG
f base
(6.11)
By analyzing the matrices [A−1] and [A−1][B] in (6.10) we can also extract some further
conclusions. The sign of the elements in the columns of the matrices [A−1] and [A−1][B]
can determine how an AC or DC side disturbance affects the frequency variations in the
different systems. We know that:
0 < qj < 1 Ci > 0 (6.12)
Additionally, we can also safely assume that, for AC power systems, the response from
the generators’ governors is dominant:
Ci ∼ Ri > Pri =
mi∑
l=1
kfl
kpl
(6.13)
This relation does not apply to particular AC systems like offshore WFs or load centers,
which do not participate in the droop control. Given the previous considerations, by
deriving the expressions for different number of converters we can obtain a generalized
expression for the matrices of interest, as follows:
[A−1] ∼ 1
den


N∏
k 6=1
Ck · · · s1Pri
N∏
k 6=1,k 6=i
Ck · · · s1PrN
N∏
k 6=1,k 6=N
Ck
...
. . .
...
...
siPr1
N∏
k 6=i,k 6=1
Ck · · ·
N∏
k 6=i
Ck · · · siPrN
N∏
k 6=i,k 6=N
Ck
...
...
. . .
...
sNPr1
N∏
k 6=N,k 6=1
Ck · · · sNPri
N∏
k 6=N,k 6=i
Ck · · ·
N∏
k 6=N
Ck


(6.14)
[A−1][B] ∼ 1
den


(1− q1)
N∏
k 6=1
Ck · · · (1− qm1)
N∏
k 6=1
Ck · · · −s1
N∏
k 6=1
Ck · · · −s1
N∏
k 6=1
Ck
...
...
. . .
...
...
−si
N∏
k 6=i
Ck · · · −si
N∏
k 6=i
Ck · · · (1− qmj )
N∏
k 6=i
Ck · · · −si
N∏
k 6=i
Ck
...
...
...
. . .
...
−sN
N∏
k 6=N
Ck · · · −sN
N∏
k 6=N
Ck · · · −sN
N∏
k 6=N
Ck · · · (1− qmN )
N∏
k 6=N
Ck


(6.15)
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Analyzing these expressions and taking into account the previous assumptions (no losses
in the DC grid, equal voltage variations and Ci being the dominant term in the equations)
we can generally conclude that:
• An event in one of the AC systems (load/generation change) causes the frequency
of all the systems participating in frequency control to vary similarly. Given a
column of matrix [A−1], all the elements have the same sign.
• For a DC side event (converter outage), all system frequencies but the one of the
outaged converter will vary similarly. Given a column of matrix [A−1][B], all the
elements but one have the same sign.
A simplified version of this development considering that each AC system is connected
to the DC grid by just one converter station can be found in [85].
6.1.3 Simulation Example
In order to validate the previous analysis, the test system shown in Fig. 6.3 was modeled
in DIgSILENT PowerFactory. The DC grid is a modified version of the one described in
Section 3.3.3 but with symmetrical monopole configuration (each station consisting in
one 2-level VSC converter). Four asynchronous AC systems are connected to the grid,
one of them being a WF.
Figure 6.3: Test system: four asynchronous AC systems interconnected through a
DC grid.
Each AC area is represented by a single equivalent generator which is equipped with
governor control and a constant impedance load. The WF is controlled to provide
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constant power and hence it does not participate in the droop control for autonomous
power sharing and frequency regulation. The following droop parameters were chosen
for the simulations: kp = 0.1, kf = 5 for converter stations #1-3; R = 20 for systems
#1-4. The converters and AC systems base values are referred in Fig. 6.3. Accordingly:


−76.67 8.33 8.33 0
8.33 −96.67 8.33 0
8.33 8.33 −56.67 0
0 0 0 −20




∆f1/f
base
∆f2/f
base
∆f3/f
base
∆f4/f
base

 =


0.667 −0.333 −0.333 −0.333
−0.333 0.667 −0.333 −0.333
−0.333 −0.333 0.667 −0.333
0 0 0 1




∆P ref,1dc1
∆P ref,2dc1
∆P ref,3dc1
∆P ref,4dc1

+


∆PL1
∆PL2
∆PL3
∆PL4


6.1.3.1 AC Side Event
A step increase in the local load of system #3 is analyzed first as an AC side event,
with ∆PL3 = 153 MW. For the given parameter values, we have that the estimated DC
voltage variation is:
∆Vdc = −0.0056 pu (∆Vdc = −3.954 kV)
while the simulated voltage variations at the converter terminals are:
∆Vdc = [−3.793 − 4.171 − 4.653 − 4.360] kV
The assumption of all voltage deviations being equal at the converter terminals is not
true due to the line resistances causing losses, but it is still an average representation of
what occurs in the system.
Table 6.1: Results comparison for AC side disturbance
Frequency ∆f (pu) Power ∆Pdc (GW)
Expected Simulation Expected Simulation
System #1 -0.0003 -0.0003 0.0199 0.0201
System #2 -0.0003 -0.0003 0.0215 0.0224
System #3 -0.0028 -0.0030 -0.0415 -0.0417
System #4 0 0 0 0
The differences between the simulation results in DIgSILENT and the expected values in
terms of frequency and power balance increments can be seen in Table 6.1. The results
are a reasonable approximation of the post-fault dynamic behaviour of the system. The
mismatch in the power balance of the simulation column can be attributed to losses in
the system which were neglected in the analytical formulation.
The system dynamic response obtained in the simulation is shown in Fig. 6.4 and
Fig. 6.5. As expected, the AC side disturbance causes the frequency to vary in the
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Figure 6.4: System frequencies after load increase event in system #3: Red trace:
station #1; Green trace: station #2; Blue trace: station #3.; Black trace: station #4.
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Figure 6.5: Power injections into the DC grid after load increase event in system #3:
Red trace: station #1; Green trace: station #2; Blue trace: station #3.; Black trace:
station #4.
same direction in all the AC systems, as plotted in Fig. 6.4, while the frequency in
system #4 is unaffected as it is working as a constant power source. Fig. 6.5 shows the
power injected in each AC system after the event. The power imported by system #3
increases at the expense of system #1 injecting more power in the DC grid and system
#2 withdrawing less.
6.1.3.2 DC Side Event
In the second case study a step reduction to the power reference of converter station #2
is applied as a DC-side event. In this case ∆P ref,2dc1 = 190 MW. The expected change in
voltage is:
∆Vdc = 0.0139 pu (∆Vdc = 9.728 kV)
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The DC voltage variations obtained through simulation are:
∆Vdc = [9.724 10.667 10.137 10.290] kV
As before, the losses in the grid cause the different voltage variations at each terminal.
The comparison of the results for frequency and power exchange appears on Table 6.2 for
this disturbance. A good match between simulation and formulation values is obtained,
especially for frequency values.
Table 6.2: Results comparison for DC side disturbance
Frequency ∆f (pu) Power ∆Pdc (GW)
Expected Simulation Expected Simulation
System #1 0.0008 0.0007 -0.0491 -0.0521
System #2 -0.0011 -0.0012 0.0918 0.0949
System #3 0.0011 0.0011 -0.0428 -0.0451
System #4 0 0 0 0
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Figure 6.6: System frequencies after power reference step reduction on station #2:
Red trace: station #1; Green trace: station #2; Blue trace: station #3.; Black trace:
station #4.
In Fig. 6.6 variations in frequencies of the AC systems after the power reference change
are shown. It can be seen that the frequency of the system where the event took place
(system #2) reduces while the frequencies of the other two systems increase. Less power
is being extracted from the grid as a result of the change in the reference to the converter.
Systems #1 and #3 try to counterbalance this change by respectively injecting less and
extracting more power from the DC grid, as seen in Fig. 6.7. As expected, there is no
change in frequency or power in system #4 which continues to act as a constant power
source.
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Figure 6.7: Power injections into the DC grid after power reference step reduction on
station #2: Red trace: station #1; Green trace: station #2; Blue trace: station #3.;
Black trace: station #4.
6.1.4 Summary
The simulation results presented in this section illustrate two things:
1. With power frequency droop control the pattern of frequency variation in AC
systems connected to DC grids is different for AC and DC side disturbances.
2. The analytical formulation presented in Section 6.1.2 can capture the steady-state
change in frequency of individual AC systems connected to a DC grid with rea-
sonable accuracy.
The first aspect can have implications for communication-less schemes for extraction of
frequency support from offshore WFs connected through DC grids. The next section in
this chapter addresses this issue.
6.2 Frequency Response from Offshore Wind Farms (WFs)
Connected through DC Grids
As discussed in Chapter 2, the inertial support provision from offshore WFs connected
through DC grids is an area that needs further investigation. The challenge is to deal
with multiple frequency variations in the different AC systems which could have different
trends, as proved in Section 6.1.2.
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Reference [84] is arguably the only work that addresses this issue in detail. It proposes
a communication-less scheme based on the use of droop control at both onshore and
offshore converters. The onshore converter switches from P -V droop to f -V droop con-
trol when a frequency change is detected at the corresponding AC system. This allows
provision of frequency support from offshore WFs across a DC grid together with ex-
change of frequency services among onshore AC systems. However, this approach could
have potential issues with power reference tracking and proper emulation of onshore
frequency deviations at the offshore WFs.
Building up on similar ideas as in [84] a control strategy that uses the existing high-
speed fiber optic link embedded within a sub-sea cable for communicating the onshore
frequency variations up to the offshore converter stations of a DC grid is proposed here.
The frequency references of the offshore converters are set to follow a weighted sum
of the negative part of the onshore system frequency variations so as to respond only
to under frequency events. Thus the onshore frequency variations are emulated at the
individual WTGs through the WF collection grid triggering their inertial response. The
strategy works in conjunction with the existing P -V and f -V droop controllers.
A comparative analysis of both approaches in terms of emulating the onshore frequency
variations at the individual offshore WTGs across a DC grid is presented next. The
concerns of expanding communication-less schemes proposed for point-to-point offshore
WF connections to DC grids are also discussed.
6.2.1 Emulation of Onshore Frequency Variations at Offshore Wind
Turbine Generators (WTGs)
6.2.1.1 Communication-Less Scheme (CLS)
In order to allow WFs connected through a point-to-point DC link to participate in
frequency control, communication-less schemes have been proposed [80], [81], [82]. The
onshore converter produces a change in DC link voltage proportional to the onshore
frequency variation using a frequency-voltage (f -V ) droop. Using a similar V -f droop,
the offshore converter sets the frequency of the corresponding offshore WF collection
network in proportion to the sensed DC voltage variation at the offshore end:
f off = f ref + koff (Vdc − V refdc ) (6.16)
where koff is a proportional term. This results in perfect emulation of onshore frequency
at each WTG if the droop constants are chosen appropriately. A similar scheme was
proposed in [84] in the context of offshore WFs connected to multiple onshore AC systems
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through a DC grid, henceforth referred to as Communication-Less Scheme (CLS). The
CLS changes the frequency of the offshore WF according to (6.16). However, as a DC
grid can have different topologies and several droop controllers, it is difficult to properly
emulate the onshore frequency variations at each WF collection network. This can be
explained from the expression for DC voltage at the offshore converter as derived next.
Let us consider a DC grid with n converter stations where the nth one is the offshore
converter station connected to an offshore WF while the remaining (n− 1) are onshore
converter stations. Only one offshore converter is considered here for simplicity without
any loss of generality.
The current injected in the DC network by any converter i can be expressed as:
Idci =
n∑
j=1,j 6=i
Gij(Vdci − Vdcj ) (6.17)
where Gij is the conductance of the line connecting stations i and j. We can re-write
(6.17) for the offshore converter n as:
Idcn = GnnVdcn −
n−1∑
j=1
GnjVdcj (6.18)
where Gnn =
∑n−1
j=1 Gnj. For a fixed wind speed, the offshore converter injects a constant
power P offdc into the DC grid through a current Idcn given by:
Idcn = P
off
dc /2Vdcn (6.19)
From (6.19), changes in Idcn and Vdcn from their nominal values I
0
dcn
and V 0dcn can be
approximated using the Taylor series as:
Idcn ≈ I0dcn −
I0dcn
V 0dcn
(Vdcn − V 0dcn) (6.20)
By substituting (6.20) in (6.18), we derive an expression for the DC link voltage at the
offshore converter station:
Vdcn =
1
(Gnn + I0dcn/V
0
dcn
)

2I0dcn + n−1∑
j=1
GnjVdcj

 (6.21)
Grouping the constant terms and including the expression in (6.1) for Vdcj , the offshore
DC voltage can be expressed in terms of the variables in the n− 1 onshore converters:
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Vdcn = an +
n−1∑
j=1
bnj
[
V refdcj − kpj (Pdc − P
ref
dcj
) + kfj (fj − f refj ))
]
(6.22)
where an and bnj are constants.
From (6.22) and (6.16) it can be seen that several factors, especially the term kpj (Pdcj −
P refdcj ), disturb the proportionality between onshore and offshore frequency variations.
To deal with this, the CLS distinguishes between normal operation mode (only P -
V droop control in place, kfj = 0) and disturbed operation mode (only f -V droop
control in place, kpj = 0) [84]. The disturbed mode is activated in a converter if the
corresponding onshore frequency deviation is outside a certain dead-band (e.g. ±20
mHz). This allows the provision of frequency services across the DC grid. However,
there could be potential issues with power reference tracking and proper emulation of
onshore frequency deviations at the offshore WFs due to the following reasons, also
illustrated through simulation results later in Section 6.2.4.1:
• In normal operation, a change in power reference (P refdc ) to vary the injections
to/from the DC grid will disturb the frequency of the interconnected AC systems,
triggering the disturbed operation mode [84]. In this condition the power through
the converter is not allowed to follow the reference command, as the P -V droop
control is taken out of operation and the f -V droop control aims to maintain the
frequency of the system.
• The offshore DC voltage in (6.22) does not correspond to a proper weighted sum
of onshore frequency variations, and the relative importance of each AC system
frequency variation would be highly influenced by the DC grid topology and line
resistances. In addition, a frequency event would not be reflected properly if each
AC area is in a different operating mode (normal or disturbed [84]) or in the case of
DC side disturbances (e.g. converter outage) that may lead to different frequency
trends in the interconnected AC systems, as pointed out in Section 6.1.2.
6.2.1.2 Weighted Frequency Scheme (WFS)
Building up on the CLS, an alternative strategy that relies on fast communication of the
onshore frequency variations up to the offshore converters is proposed in this section.
The existing high speed fibre optic link embedded within a sub-sea DC cable is used for
communication without any extra investment. The offshore frequency is set to follow
the weighted sum of the onshore AC system frequencies which is eventually reflected in
the individual WTGs through the WF collection network. Thus the onshore frequency
variations are properly emulated at each WTG, triggering their inertial response. Note
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Figure 6.8: Weighted Frequency Scheme (WFS) to emulate onshore frequency varia-
tions at offshore wind farms (WFs).
that presence of fibre optics communication in every cable of the DC grid is not required,
but there should exist at least one communication path from each onshore AC system
to each offshore WF to ensure proper emulation of the frequency event in the offshore
grid. The frequency in the offshore grid is shown in Fig. 6.8 and can be expressed as:
f off = f ref +
non∑
j=1
gj(fj − f refj ) (6.23)
where gj is a weight term for each j = 1, 2, .., non corresponding to the onshore converter
stations. We consider that the usual practice for the wind turbines (WTGs) is to provide
inertial support by reducing the turbine speed, which releases the stored kinetic energy
to compensate for the lack of available power and thus support a low frequency event
in the AC grid. Accordingly, as WFs are meant to provide inertial response for the
under-frequency events only, the weight gj is set to zero if the frequency variation in
jth AC system (fj − f refj ) is positive. Additionally, the weight coefficients are chosen
such that
∑
gj = 1 and avoiding redundancy. As a general procedure the individual gj
are selected equal for all the AC systems, but priority could be given to systems with
critical frequency issues (e.g. by assigning them higher gj values). Situations in which
the WF has to reduce its power output (i.e. WTG speeding up and absorbing energy)
that occur during fault-ride through (FRT) and periodic modulation of the WTG power
output for power oscillation damping are out of the scope of this study. A worst-case
time delay TR = 0.1 s is considered to model the latency in communication of onshore
frequencies variations. In reality, this fiber optic communication delay would be much
less (of the order of 1-10 ms) for most of the time [124]. A dead band (± 10 mHz) is
included to avoid responding to ambient frequency deviations.
Section 6.1.2 showed two distinct patterns of dynamic variations of the onshore frequen-
cies in response to AC-side and DC-side disturbances. Possible masking effect in the
weighted sum due to opposite trends in onshore frequencies is accounted for by set-
ting the corresponding weights to zero to respond only to under-frequency events (as
described above). Clipping the positive variations in frequency (fj − f refj ) in the CLS
approach would affect the exchange of frequency support between onshore AC systems.
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6.2.2 Inertial Support using Weighted Frequency Scheme (WFS)
An analytical formulation is presented in this section to show the effectiveness of WFS
in reducing the negative frequency deviation in the onshore AC systems.
We consider again the generic framework previously introduced in Fig. 6.2 where each
AC system i is connected to the DC grid by mi converter stations and where the total
number of AC systems is N , of which Non are onshore systems. The total number
of converters in the system is n, of which non are located onshore and noff offshore
connecting the WFs.
We also consider that the inertia response from the WTGs is based on the derivative
of the frequency variations to modify the power generated from the WTGs using a first
order filter after the d∆f/dt input [77].
∆P = −KI d∆f
dt
(6.24)
Note that in the case of WFs with power reserve margin, the proposed framework could
be extended with an additional proportional term to the frequency variation −Kd∆f
[74].
For the offshore converter j connected to an offshore AC system we can derive a similar
expression to the one presented in (6.2) for the onshore converters. By using (6.24) and
the offshore frequency defined by WFS in (6.23):
∆P offdcj ≈ −KI
d∆f offj
dt
= −KI
non∑
l=1
gl
d∆fl
dt
(6.25)
We establish the following balance, neglecting the change in DC grid losses, in which
the exchanged power by the n converters of the DC grid is zero:
N∑
i=1
mi∑
j=1
∆P idcj =
noff∑
j=1
∆P offdcj +
Non∑
i=1
mi∑
j=1
∆P idcj = 0 (6.26)
Considering that voltage drops at all converter terminals are comparable, we can derive
an expression for DC voltage variations using (6.2) and (6.26):
∆Vdc =
1∑Non
k=1
∑mk
l=1 1/kpl

noff∑
j=1
∆P offdcj +
Non∑
k=1
mk∑
l=1
∆P ref,kdcl +
Non∑
k=1
∆fk
mk∑
l=1
kfl
kpl

 (6.27)
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Employing a classical first order power system model for frequency regulation studies,
the power balance for each AC grid i is given by:
2Hi
d∆fi
dt
+Di∆fi = ∆PGi −∆PLi −
mi∑
j=1
∆P idcj (6.28)
where Hi and Di are, respectively, the inertia and damping constants of AC system
i. PLi is the total active power demand in system i and PGi is the total generated
power. If Ri denotes the aggregated response of the governors in system i, it yields
∆PGi = −Ri∆fi.
Substituting (6.2), (6.25) and (6.27) in (6.28) and considering, for simplicity, the same
constant KI in the control of all the offshore WFs, we obtain the following expression:
H′i︷ ︸︸ ︷
2Hi + mi∑
j=1
qjnoffKIgj

 d∆fi
dt
+∆PLi = (6.29)
−
Ci︷ ︸︸ ︷
Ri + mi∑
j=1
kfj
kpj
(1− qj) +Di

∆fi
+
mi∑
j=1
qj
Qil︷ ︸︸ ︷
 Non∑
k=1,k 6=i
mk∑
l=1
kfl
kpl
− noffKI
non∑
l=1,l 6=j
gl
d
dt

∆fl
−
mi∑
j=1
(1− qj)∆P ref,idcj +
mi∑
j=1
qj
Non∑
k=1,k 6=i
mk∑
l=1
∆P ref,kdcl
for the onshore AC systems i = 1, ..., N and with qj = 1/(kpj
∑Non
k=1
∑mk
l=1 1/kpl) as in
(6.9). The term H ′i corresponds to the effective inertia constant of system i, Ci to the
effective frequency droop in the system and Qil to the coupling between frequencies
in systems i and l. Due to the presence of f -V droop control, frequency variations in
system i will result in frequency changes in the other interconnected AC systems as well.
An AC side frequency event in system i is represented by ∆PLi 6= 0 while a DC side
event of converter j by ∆P ref,idcj 6= 0.
Let us initially consider an AC side frequency event. From the above derivation we see
that the inertial support from the offshore WFs (KI > 0) increases the effective inertia of
system i by
∑mi
j=1 qjnoffKIgj . In addition, the terms noffKI
∑non
l=1,l 6=j gld∆fl/dt reduce
the frequency variations in the interconnected AC systems caused by the frequency
variation in system i. Therefore, the proposed WFS improves the transient frequency
deviation of the onshore AC systems.
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In case of a DC side frequency event in converter j connected to the onshore system
i, an opposite trend in the frequency variation of this system with respect to the rest
of onshore systems is expected, as seen in the last two terms on the right hand side of
equation (6.29) and explained in Section 6.1.2. As mentioned before, the elements gj
are greater or equal than 0, avoiding the participation in over-frequency events, which
means that the inertia contribution from the offshore WFs would have an opposite
effect in this system as compared to the rest of AC systems. Depending on the outaged
converter operating mode (rectifier/inverter) the benefit in minimizing the frequency
fall is obtained by either increasing the system inertia or reducing the coupling between
onshore systems.
Note that the above analysis is not dependant on the DC grid configuration and shows
the benefit of WFS in a general framework. The simulation results shown later in Section
6.2.4 are in agreement with this formulation.
6.2.3 Study System
The study system in Fig. 6.9 was adopted from [68] to illustrate the inertial support
from offshore WFs connected through a DC grid. The 4-terminal DC grid interconnects
three asynchronous AC systems: two onshore systems (System A and System B) and an
offshore WF. System A is an interconnected AC system with two geographical regions
[1] connected to the DC grid by converter stations #2 and #3. System B is modeled by
a single equivalent generator, G5, connected to station #1. All the generators are con-
ventional synchronous machines represented using the sub-transient model and equipped
with both governor control (steam turbine) and excitation system (IEEE-DC1A type)
[125].
The DC grid corresponds to the general asymmetric bipole grid presented earlier in
Section 3.3.3. Under nominal conditions, converter stations #1 and #4 act as recti-
fiers injecting active power into the DC grid, while #2 and #3 act as inverters. An
offshore WF with a rated capacity of 1350 MW is connected at converter station #4.
An aggregated model of the WTGs within the WF was used in the simulation. The
WTG parameters were obtained from a simulation model in DIgSILENT PowerFactory,
corresponding to a 1.5 MW permanent magnet synchronous machine, with radius of 30
m, 18 rpm rated speed and that enters the rated regime at 12.6 m/s. The following
values were chosen in the simulations, conducted in DIgSILENT PowerFactory, for the
droop controls in the onshore converters: kp = 0.1, kf = 1.5 and for the WF inertial
controller: KI = 50, Tlp = 1 s. The droop constant values were chosen to strike a proper
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Figure 6.9: 4-terminal DC grid interconnecting two onshore AC systems (Systems A
and B) and an offshore wind farm (WF).
balance between conflicting objectives (adequate sensitivity vs. small DC link voltage
variations) while ensuring the stability of the overall AC/DC grid system [63, 68].
6.2.4 Case Studies
Several case studies are presented next to validate the proposed methodology. First
the performance of the CLS is compared against the WFS in terms of power reference
tracking. Then the effectiveness of the WFS to enable the inertial response from offshore
WFs is demonstrated for several frequency disturbances, including AC side events (load
change in the AC systems, change in wind speed conditions) and DC side events (sudden
change in power reference of an onshore converter, converter outage).
6.2.4.1 Tracking of Power Reference Changes
For comparison, the CLS and the WFS were implemented separately at the offshore
converter station #4. A step in the power reference at both positive and negative pole
converters was considered to increase the injected power from 185 MW to 338 MW in
station #1. The WF is assumed to operate in rated regime and produces 1350 MW.
Figure 6.10(a) shows the frequency variation at the terminal of the onshore converter
stations using the CLS. An opposing trend in the frequency variation of both AC systems
can be observed which is typical for DC grid disturbances (refer to Section 6.1.2). Clearly
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Figure 6.10: System response after a step increase of real power reference at converter
station #1. (a) Onshore AC system frequency variations using the CLS. (b)-(d) Power
injections into the DC grid. Gray trace: with CLS; Black trace: with WFS.
the CLS disturbed operation mode [84] (only f -V droop in place) is activated at all the
onshore AC systems to maintain their corresponding frequency. It is to be noted that
activation of the f -V droop control (disturbed mode) in one onshore system disturbs the
frequency of the other onshore systems which could also activate their f -V droop (and
deactivate the P -V droop control), as shown in Fig. 6.10(a). The real power variation at
the converter stations using the CLS (gray traces) is compared against the WFS (black
traces) in subplots (b)-(d) of Fig. 6.10. For the CLS strategy, as a result of the disturbed
mode [84] activation, the power exchanges are held at the same values as they were
before the step change in power reference command was provided, see Fig. 6.10(b)-(d)
(gray traces). On the other hand, the proposed WFS alters the power exchanges in
response to the step change command with each onshore converter sharing the burden
equally (black traces). Note that the proposed WFS for inertial response from the WF
is considered together with the presence of both P -V and f -V droop control loops at
the onshore converters. The change in power reference required to achieve the desired
power injection was factored into the control loops. Clearly, the ability of WFS to track
power reference changes is one of the performance index for comparison against CLS.
6.2.4.2 Load Change in AC Systems
To demonstrate the effectiveness of inertial response using the WFS, a 40% step increase
in the load connected at bus 8 in System A was considered. For this event the system
response was investigated separately under high (19 m/s) and moderate (10 m/s) wind
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Figure 6.11: System response after a step increase in load at bus 8 in System A
under high wind speed condition. Red trace: no f -V droop control at onshore converter
stations; Blue trace: with f -V droop control; Black trace: with f -V droop and WFS
for inertial response from WF.
speed conditions. From here onwards, all the simulation results include P -V droop
control at the onshore converters.
High Wind Speed Condition
A constant 19 m/s wind speed is considered under which the WF operates in the rated
regime producing 1350 MW. The turbines operate with pitch control to provide the
rated power and avoid over speeding.
The frequency variations in System A and B are shown, respectively, in subplots (a) and
(b) of Fig. 6.11.
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Without f -V droop (for exchange of frequency support between AC systems) on onshore
converters, the frequency of System A measured near slack generator G3 (red traces)
goes below 59.5 Hz with a maximum frequency excursion (frequency nadir) of 59.27 Hz
(subplot (a)). The frequencies of System B and the offshore WF are virtually unaffected
as those systems are decoupled from System A in absence of f -V droop. With f -V
droop on the onshore converters the frequency variation in System A (blue trace) is less
than before. However, this comes at the expense of an acceptable (less than 0.3 Hz)
frequency variation in System B. This is expected as the purpose of using the f -V droop
is to exchange frequency support among the onshore AC systems [67, 68].
Activation of the WTG control for inertial response using the WFS improves the tran-
sient variation of the frequency (black trace) for both Systems A and B. Both the fre-
quency nadir and the rate of change of frequency (RoCoF) are reduced. This is enabled
by a properly emulated offshore frequency variation as shown by the black trace in Fig.
6.11(c) which closely resembles the actual frequency variations (black traces) in Systems
A (Fig. 6.11(a)) and B (Fig. 6.11(b)). The associated DC link voltage variations, shown
in Fig. 6.11(d) are within the acceptable limits.
The frequency variations in Fig. 6.11 are driven by the power exchanges with the DC
grid shown in Fig. 6.12. In the absence of f -V droop control (red traces), the power
exchanged between the DC grid and the AC systems is not affected as they are decoupled.
With only f -V droop control activated (blue traces) more power is injected through
stations #2 and #3 into System A to supply the increased load. With a constant WF
output (control for inertial response is not active), this extra power comes from System
B.
When both f -V droop control on onshore converters and the inertial control in the
WTGs (black traces) are active, the release of inertial power (as shown in Fig. 6.12(a))
relieves the burden on System B by increasing the power injection into System A during
the transient period, which improves the frequency variations in Fig. 6.11(a), (b).
The aggregated response of the WF is plotted in Fig. 6.13. The inertial power is
extracted by reducing the pitch angle (subplot (b)) with only a small change in the
rotational speed of the turbine (subplot (c)).
Following inertial response the power output of the WF returns to the pre-disturbance
level (subplot (a)). The amount of such temporary over production would be limited by
the short-term overload capability of the WTG components, especially the converters,
and also by the DC grid converters. For this exercise, a 9% overload capacity in the tens
of seconds time frame was assumed for the converters in the WTG and the DC grid.
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Figure 6.12: Power injections into the DC grid after a step increase in load at bus
8 in System A under high wind speed condition. Red trace: no f -V droop control at
onshore converter stations; Blue trace: with f -V droop control; Black trace: with f -V
droop and WFS for inertial response from WF.
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Figure 6.13: Wind farm (WF) response with f -V droop andWFS for inertial response
under high wind speed condition.
Moderate Wind Speed Condition
The same load event of the previous section is considered here under a moderate wind
speed of 10 m/s. The WF operates in sub-rated regime and produces 680 MW. The
turbine is controlled to operate at maximum power coefficient Cp while the pitch angle
is kept constant at 0◦.
As in the previous case the effectiveness of inertial control using the WFS is evident both
in terms of improved RoCoF and frequency nadir as shown in Fig. 6.14. However, due
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Figure 6.14: Onshore AC system frequency variations after a step increase in load
at bus 8 in System A under moderate wind speed condition. Red trace: no f -V droop
control at onshore converter stations; Blue trace: with f -V droop control; Black trace:
with f -V droop and WFS for inertial response from WF.
to the recovery phase of the wind turbines, the restoration of post-event steady state is
slower with a slight decrease of frequency observed after the initial support.
The response of the WF operating in sub-rated regime is shown in Fig. 6.15. The
inertial control extracts additional power from the WF by slowing down the turbines
(subplot (c)). With decrease of the turbine speed, the MPPT control limits the turbine
deceleration by reducing the power reference (subplot (b). Following the inertial support,
there is a recovery phase before the turbines regain their original operating point after
about 40s.
Note that we have considered an aggregated model of the WTGs for the WF. In reality,
the wind speed across all the turbines in the WF is not uniform due to wake effect
[126]. As the considered inertial control is implemented at the wind turbine level, the
individual WTG will react to frequency changes in its collection network to provide
inertial support, experiencing different recovery periods depending on the wind speed
present at the turbine.
6.2.4.3 Change of Converter Power Reference
In the previous section the effectiveness of inertial control using the WFS was illustrated
for a load event within an onshore AC system. Here a disturbance within the DC grid is
considered in the form of a step increase in the power reference at converter station #1,
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Figure 6.15: Wind farm (WF) response with f -V droop andWFS for inertial response
under moderate wind speed condition.
same as in Section 6.2.4.1. The WF is assumed to operate at the rated regime producing
1350 MW.
The system responses are shown in Fig. 6.16. As a result of the increased power export
out of System B its frequency goes down as shown in subplot (b). The frequency of
System A (near generator G3) increases as shown in subplot (a). This opposite trend in
frequency variations is typical for DC grid disturbances as already mentioned in Section
6.2.4.1.
The inertial support provided by the WF (black traces) improves the frequency nadir
in System B compared to the case where only f -V droop control is active on onshore
converters (blue traces), see subplot (b). However, the additional inertial power injected
by the WF causes a slight increase in the frequency of System A which is expected due to
exchange of frequency support enabled by the f -V droop control on onshore converters.
In this case, the frequency variation in System B is emulated at the offshore WF (see
subplot (c)) with no contribution from the positive frequency variation (fj − f refj ) in
System A.
6.2.4.4 Converter Outage
To check that the system is able to properly respond to a severe event like the loss of a
converter station, the outage of the negative pole of Station #1 was considered for the
same high wind speed scenario. Station #1 was operating as rectifier, injecting power in
the DC grid, so its outage causes the increase of frequency in System B, as seen in Fig.
Chapter 6. Exchange of Frequency Support across a DC Grid 137
F
re
q
u
en
cy
,
f
A
(H
z)
20.16.12.8.4.0 [s]
60.50
60.36
60.22
60.08
59.94
59.80
60.13 Hz
f-V droop + WFS
60.26 Hz
f-V droop
60.17 Hz
60.05
Frequency (Hz): G3 (System A)
(a)
D
Ig
S
IL
E
N
T
Time (s)
F
re
q
u
en
cy
,
f
B
(H
z)
20.16.12.8.4.0 [s]
60.05
59.91
59.77
59.63
59.49
59.35
59.52 Hz
f-V droop + WFS
59.52 Hz
f-V droop
59.40 Hz
60.20
Frequency (Hz): G5 (System B)
(b)
Time (s)
F
re
q
u
en
cy
,
f
o
f
f
(H
z)
Frequency (Hz): G5Frequency (Hz): WT
20.16.12.8.4.0 [s]
60.20
60.06
59.92
59.78
59.64
59.50
Emulated frequency
Offshore WF
Frequency (Hz): LV (Wind Farm)
(c)
Time (s)
D
C
V
o
lt
a
g
e,
V
d
c
(p
u
)
Frequency (Hz): G5Frequency (Hz): WT
Frequency (Hz): LV (Wind Farm)
(c)
20.16.12.8.4.0 [s]
1.05
1.04
1.03
1.02
1.01
1.00
f-V droop
f-V droop + WFS
DC li k (+ pole) voltage v iation (pu) 
(d
Time (s)
Figure 6.16: System response after a step increase of real power reference at converter
station #1 under high wind speed condition. Blue trace: with f -V droop control at
onshore converter stations; Black trace: with f -V droop and WFS for inertial response
from WF.
6.17(b). In contrast, the frequency of System A decreases but, due to the controllers
in place, this variation is small (Fig. 6.17(a)). This negative frequency deviation is
replicated in the offshore WF and triggers its inertial response when the WFS is in
place (black traces). For this particular scenario, this contribution is marginal and, as
seen previously, the frequency of System A is improved during the transient period by
increasing marginally the frequency of System B.
This disturbance results in unbalanced operation in the DC side, which can be seen
in the DC voltage variation at the positive and negative terminals (Fig. 6.17(c)-(d)).
It is important to notice that both positive and negative pole converters contribute to
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Figure 6.17: System response after outage of the negative pole of converter station
#1 under high wind speed condition. Blue trace: with f -V droop control at onshore
converter stations; Black trace: with f -V droop and WFS for inertial response from
WF.
minimize the frequency deviations, trying to reduce the load variation in the individual
AC systems, as explained in [68]. The frequency droop control allows the positive pole
to participate in the power sharing. Figures 6.18 and 6.19 show the active power through
the negative and positive pole converters. It can be observed that the injections of the
positive pole try to balance the injections through the negative pole due to the converter
outage.
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Figure 6.18: Power injections into the DC grid (from the converters negative pole)
after outage of the negative pole of converter station #1 under high wind speed condi-
tion. Blue trace: with f -V droop control; Black trace: with f -V droop and WFS for
inertial response from WF.
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Figure 6.19: Power injections into the DC grid (from the converters positive pole)
after outage of the negative pole of converter station #1 under high wind speed condi-
tion. Blue trace: with f -V droop control; Black trace: with f -V droop and WFS for
inertial response from WF.
6.2.4.5 Change of Wind Speed
A sudden change in the wind speed results in variations of onshore AC system frequencies
which would subsequently trigger inertial response from the WFs. To validate the control
performance and the system transient response, we consider step changes to vary the
wind speed. Although wind speed variations might be slower, step response simulations
are interesting as they significantly affect the frequency of the onshore systems. The
system response to such step changes in wind speed is shown in Fig. 6.20.
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Figure 6.20: System response to wind speed changes. Blue trace: with f -V droop
control at onshore converter stations but no inertial response from WF; Black trace:
with f -V droop and WFS for inertial response from WF.
The presence of the inertial control using the WFS (black traces) improves the RoCoF
and frequency nadir (which is not clear due to relatively long time scale) for both AC
systems (System A and B) after the wind speed changes, see Fig. 6.20(a), (b). This
is achieved by reducing the turbine speed to provide the inertial support (subplot (c)).
It is to be noted that the WTG control adapts the rotor speed according to the wind
speed to extract either the maximum power (sub-rated regime) or to operate at its rated
value (rated regime), see subplot (c). For sub-rated regime (vw < 12.6 m/s), there is a
recovery period following the inertial response which causes the frequency to go slightly
below the one obtained with only f -V droop control.
6.3 Chapter Summary
This chapter discusses the interaction between AC systems and DC grid for frequency
support exchange both analytically and through simulation studies. An analytical for-
mulation is presented to account for the different patterns of dynamic variations of the
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frequencies of the AC systems connected to the DC grid in response to AC-side and DC-
side disturbances. Furthermore, this led to propose a methodology for providing inertial
response from offshore WFs connected through a DC grid. Its advantages over previous
schemes reported in the literature are presented and its effectiveness is demonstrated
through several case studies.

Chapter 7
Conclusions and Future Research
7.1 Conclusions
In this work, control of future AC/DC power systems for improved dynamic performance
was presented. Currently, two major concerns regarding the network operation are the
inadequate capacity utilization of assets and the future reduction of system inertia.
In order to address these broad challenges, two particular areas have been explored:
emergency control for power system stabilization and frequency support exchange across
a DC grid.
The fist part of this thesis focused on reviewing the state of the art in these two topics.
The modelling and control of key power system elements in the software DIgSILENT
PowerFactory was covered in Chapter 3.
The need of an emergency control scheme was evaluated for the GB transmission network
in order to increase its transfer capability. The analysis of two reduced dynamic models
of the GB transmission system in Chapter 4 revealed the rotor angle stability problems
associated to the system. While transient stability problems were observed in the small
three-machine GB equivalent, poor damping problems were also present in the reduced
GB equivalent system by NG. Transient stability problems that ultimately arise as a
growing oscillation problem may appear in the system for high power transfer conditions.
For low inertia scenarios (with low demand and increased wind penetration) these issues
might accentuate.
In order to tackle these stability problems, a MPC-based corrective control that relies
on different wide-area measurements was proposed. A subspace identification procedure
was used to determine the controller prediction model according to different system
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measurements. The update of this model after a line outage was also considered. Dif-
ferent cost functions were evaluated for the controller. Good performance was obtained
for cost functions based on rotor speed measurements with respect to both fixed and
variable trajectories. The corrective control rapidly changed the actuators in post-fault
condition to relieve the burden on the AC system and thus ensuring system security
under higher nominal (pre-fault) power transfers through the AC corridors.
The effectiveness of the proposed MPC-based controller was demonstrated through the
planned network reinforcements in the three-machine GB equivalent test system where
different actuators were considered (TCSC, Western LCC-HVDC link and Eastern VSC-
HVDC link). The controller performance was proved successful also in a large scale
system corresponding to the reduced GB equivalent by NG. Despite the controller not
using an ‘accurate’ prediction model (but an approximated linear one), the resulting
stabilizing actions were satisfactory.
The last part of this thesis covered the AC/DC interaction for frequency support ex-
change. An analytical formulation was presented to account for the different patterns
of dynamic variations of the frequencies of the AC systems connected to a DC grid in
response to AC-side and DC-side disturbances. A frequency droop control was included
in the control of the converters. It was observed that the frequencies of all the AC
systems vary similarly for an AC-side disturbance while the frequency of the affected
system (where the event took place) varied in the opposite direction compared to the
rest of the AC systems for a DC-side disturbance. Simulation results from a 4-terminal
DC grid model set up in DIgSILET PowerFactory were used to validate this analysis.
The concept of different patterns of frequency variation in the interconnected AC systems
led to adoption of a new methodology for providing inertial response from offshore WFs
connected through a DC grid. A weighted frequency scheme was adopted which relies
in the fiber optic link embedded within the sub-sea cables for communication of onshore
frequency variations up to the offshore converters. The approach was demonstrated
analytically showing the effective change in system inertia and frequency droop as a
result of inertial support using the proposed WFS strategy. Simulation results on a 4-
terminal DC grid connecting an offshore WF and two onshore AC systems validated the
scheme for different frequency events. It was shown that the proposed WFS approach
can improve the transient frequency deviation in the AC systems experiencing under-
frequency problems which is critical for secure operation of low inertia systems of the
future.
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7.2 Future Research Work
The research directions discussed below are suggested as a possible way to continue the
problems addressed in this thesis:
MPC-based corrective control for system stabilization
• In the presented work, we have tested the corrective controller in ideal conditions
without accounting for communication or computation delays nor errors in the
measurements. A possible research direction would be to asses the impact of these
delays in the performance of the controller (data acquisition from power system
measurements, input signaling and control computation). Since the acquisition
of measurements occurs in a time-synchronized fashion, a common delay could
be introduced. Impact of possible errors in the state estimation could also be
investigated.
• The proposed corrective controller has proven successful to improve the system sta-
bility during severe faults. However, several assumptions were made such as zero
delays, observability of the system and use of (updated) linear model to represent
the dynamics. A possible extension of the presented work is to theoretically in-
vestigate the stability properties and robustness of the controller when addressing
these issues.
• The proposed MPC-based controller is centralized, which suits the GB power sys-
tem case, isolated from other networks. However, a new distributed formulation
could be considered for the controller, which might be an interesting option for
large interconnected power systems with different TSOs.
• We observed in Chapter 4 that damping and transient stability problems are di-
rectly related for the presented GB transmission network. The proposed MPC
controller based on generator speed measurements was found to provide an in-
trinsic damping contribution to the system. In order to tackle transient stability
phenomena that arise as a growing oscillation, alternatives in the controller for-
mulation could be investigated to pursue specific objetives. For example, addition
of further system constraints that ensure a given settling time for the oscillations
could be included. Alternatively, the so-called closed loop MPC can allow the pole
placement of the closed-loop system poles.
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Future GB transmission network
• The reduced GB equivalent system by NG could be improved by replacing the
static wind generators by with detailed dynamic models, as already done with
the HVDC lines and TCSC in the B6 boundary. In its actual configuration, the
WTGs in the system do not contribute to frequency control, although the Grid
Code requires them to be capable to do so, when allowed by the prevailing wind
speed condition [127]. This consideration may have significant implications, not
only on the frequency stability of the system, but also in its transient response,
as wind penetration increases and the system effective inertia reduces. Special
consideration needs to be given to offshore WFs.
DC grids
As already mentioned, many challenges remain towards practical realization of DC grids
and further research in different fields is needed, from technical aspects (DC break-
ers and cables) to operational (control of the grid) and economic ones (ownership and
regulation). Here we mention some of the areas in which the presented work can be
expanded.
• Investigate alternatives for the DC grids to provide AC system support. Not only in
terms of frequency exchange, but also for voltage control or damping improvement
and determine the interaction between the proposed controllers. As it is expected
that a DC grid would use a communication infrastructure based on fibre optic
communication links for basic control and coordination purposes, one option could
be to exploit this channel to explore alternative schemes and at the same time
maintain the firewall abilities of the DC grid.
• Development of simplified models for the new VSC converter topologies (MMC,
AAC) is an area of future work. In particular, these models need to be integrated
and assessed when included together with detailed power system models. The
energy balancing mechanisms of the converter cells could interact with system
level controllers and this aspect needs to be evaluated and quantified.
Appendix A
DIgSILENT PowerFactory
Models and Simulation Data
A.1 LCC-HVDC Model
DIgSILENT DSL control models for the 2.2 GW bipolar LCC-HVDC link employed in
the simulations in Chapter 3 and Chapter 5. The system data was based on the
CIGRe HVDC benchmark model [90], [91], with the parameters adapted for the new
ratings and following the reference model presented in [88].
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Figure A.1: Control frame of a LCC-HVDC pole converter station.
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6-pulse rectifier converters: 550 MW, Vac 312.85 kV, Vdc 250 kV, Xc 13.44 Ω.
6-pulse inverter converters: 550 MW, Vac 208.57 kV, Vdc 250 kV, Xc 13.44 Ω.
DC cables: 500 km, Rdc 0.02 Ω/km, Xdc 0.2 Ω/km, smoothing reactor 0.5968 H.
A.1.1 LCC-HVDC: Control of the Converters
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Figure A.3: Inverter control.
Rectifier control: TfU = 0.02 s, TfI = 0.0012 s, Kr = 1 pu , Tr = 0.01 s, P
ref
dc = 0.91 pu.
Inverter control: TfI = 0.0012 s, Kg = 0.1 pu , Tg = 0.01 s, Ki = 0.1 pu, Ti = 0.1 s,
Im = 0.1 pu, Kx = 0.1 pu, Ky = 0.3 pu.
A.2 VSC-HVDC Model
DIgSILENT DSL control models for the symmetrical monopolar VSC-HVDC link used
in the simulations in Chapter 5.
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A.2.1 VSC-HVDC: Control of the Converters
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Figure A.6: Inverter control (Vdc-Q).
Rectifier control:
TfP = 0.005 s, TfQ = 0.005 s, KP = 2 pu, TP = 0.02 s, KQ = 1 pu, TQ = 0.03 s.
Inverter control:
TfQ = 0.005 s, TfVdc = 0.005 s, KQ = 1 pu, TQ = 0.03 s, KVdc = 7 pu, TVdc = 0.02 s.
Internal current controllers:
Kd = 1 pu, Td = 0.01 s, Kq = 1 pu, Tq = 0.01 s.
A.3 DC Grid
DIgSILENT DSL control models employed for the control of the converters in a DC grid
in the simulations presented in Chapter 3 and Chapter 6. Other relevant data for
the DC grid was presented in Table 3.1.
A.3.1 Onshore Converter
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Figure A.7: Control frame of onshore converter in DC grid.
Appendix A. DIgSILENT Models and Simulation Data 150
A.3.2 Control of Onshore Converters
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KQ = 1 pu, TQ = 0.05 s, KVdc = 5 pu, TVdc = 0.05 s, kp = 0.1 pu, kf = 5 pu (or 1.5 pu).
Internal current controller: Kd = 0.5 pu, Td = 0.01 s, Kq = 0.5 pu, Tq = 0.01 s.
A.3.3 Offshore Converter
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Figure A.9: Control frame of offshore converter in DC grid.
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A.3.4 Control of Offshore Converters
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Figure A.10: Control scheme for offshore converter in DC grid.
KVac = 2 pu, TVac = 0.2 s, KIac = 0.5 pu, TIac = 0.05 s.
A.4 Offshore Wind Farm
The DIgSILENT DSL control models used in Chapter 6 to model the offshore WF
correspond to an aggregated model of individual WTGs from a simulation example
presented in [88]. The individual WTG with a permanent magnet synchronous generator
is a 1.5 MW machine, with 18 rpm rated speed and connected at 3.3 kV.
A.5 DIgSILENT-Matlab Interface
Example of simulation setup between DigSILENT and Matlab for one of the case
studies presented in Chapter 5.
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Figure A.11: MPC-based controller implementation in DIgSILENT PowerFactory.
Formulation with rotor speed measurements.

Appendix B
Three-Machine GB Equivalent
Test System Data
Data for the three-machine GB equivalent test system presented in Chapter 4.
B.1 Steam Turbine and Governor Control
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Figure B.1: Steam turbine and governor.
Kds = 22.5 pu, Tfs = 0.05 s, Tas = 0.15 s, Tr = 6 s, Thp = 0.3 s, Khp = 0.3 pu,
Tip = 0.35 s, Kip = 0.3 pu, Tlp = 0.4 s, Klp = 0.4 pu.
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B.2 AVR Excitation Control System
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Figure B.2: AVR excitation control system.
Tvt = 0.013 s, K1 = 150 pu, T1 = 0.3 s, T2 = 6 s, T3 = 0.4 s, T4 = 1.4 s, T5 = 0.015 s,
Ki = 0.001 pu, Kbcu= 3.78 pu, Kcnv= 9.27 pu, Xcom = 0.1273 pu, Kfbk = 0.5655 pu,
Tct = 0.025 s, Tg1 = 0.6 s, Tf1 = 1.3 s, Tgi = 1.4 s, Tfi= 0.13 s.
B.3 Synchronous Generator Parameters
On the base of the machine rating:
Xd = 2.13 pu, X
′
d = 0.308 pu, X
′′
d = 0.234 pu, Xq = 2.07 pu, Xq
′
= 0.906 pu,
X
′′
q = 0.234 pu, Xl = 0.19 pu, T
′′
d0 = 6.0857 s, T
′′
d0 = 0.0526 s, T
′′
q0 = 0.3538 s,
T
′′
q0 = 1.653 s, H = 3.84 s, PSS: H(s)=5
(
5s
1 + 5s
)2 1
1 + 0.01s
s+ 1.32
s+ 1.96
s+ 0.49
s+ 2.85
.
B.4 Network Parameters (100 MVA base)
X1t = 0.005 pu, X2t = 0.00583 pu, X3t = 0.000667 pu,
X1 = 0.001 pu, X2 = 0.0134 pu, X3 = 0.028 pu.
Appendix C
System Identification
C.1 State-Space Identification
The subspace identification procedure described next was employed to derive a linear
state-space model from the DIgSILENT power system model. The identified plant model
would be used in the predictive controllers described in Chapter 5.
A discrete-time state-space model can be expressed as:
x(k + 1) = Ax(k) +Bu(k) (C.1)
y(k) = Cx(k) +Du(k)
where x(k) ∈ Rn, u(k) ∈ Rnu and y(k) ∈ Rny are, respectively, the states, inputs and
outputs vectors whereas A, B, C andD have compatible dimensions and are the matrices
to be identified.
C.2 System Probing
The grid system in steady state is excited with appropriately tuned signals applied to the
system inputs. Their amplitude value was chosen low enough such that non-linearities
in monitored signals were not observed, but high enough to excite the system oscillatory
modes. Pseudo-random binary signals (PBRS) (white noise) were used for identification
throughout this thesis. Fourier based signals injection were initially employed but, due
to its correlated spectrum, they cannot be employed to identify multiple input systems.
Different output signals (voltage angles, generator rotor angles and speed measurements)
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were monitored in the identification process. An example of recorded system measure-
ments is shown in Fig. C.1.
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Figure C.1: Typical probing signal and recorded measurements.
C.3 N4SID Subspace Identification
The system data is processed in Matlab and the numerical algorithm N4SID is used
to identify linear state-space model of order n. The steps in the identification routine
are described next. Note the mention of the main commands employed:
1. Import data sets for identification and validation (importdata).
2. Prepare data for identification, for each set:
- Reduce the number of samples (decimate).
- Remove equilibrium values (detrend).
- Filter data outputs (filter, butter).
3. Select data window length and create iddata objects.
4. Estimate state-space model:
for i = 4 : 1 : n
- Estimate discrete-time model (n4sid).
- Compare model fit to identification and validation data. (compare).
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- Keep model if fit is acceptable and end process.
end
This process was carried considering different amplitudes in the probing signals. The
identified system was validated against actual measurements in DIgSILENT comparing
the response to different combinations of step pulses in the input channels.

Appendix D
MPC Implementation
D.1 Predicting System Dynamics
Consider a discrete-time linear system described by the canonical equations:
xk+1 = Axk +Buk
yk = Cxk +Duk
(D.1)
with x ∈ Rn, u ∈ Rnu , y ∈ Rny and matrix dimensions defined accordingly. For a more
compact notation, the general term fk denotes the value of f at time k. Given the
initial state x0 and the vector of controls [u0, . . . , uNp−1], the system state xk over the
prediction horizon Np can be expressed as:
x1 = Ax0 + Bu0
x2 = Ax1 + Bu1
...
...
...
xNp−1 = AxNp−2 + BuNp−2
xNp = AxNp−1 + BuNp−1
(D.2)
which can be grouped as:
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B 0 0 . . . 0
AB B 0 . . . 0
A2B AB B . . . 0
...
...
...
. . .
...
ANp−1B ANp−2B ANp−3B . . . B


︸ ︷︷ ︸
Γ


u0
u1
u2
...
uNp−1


(D.3)
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Equation (D.3) can then be rewritten in matrix form as:
x¯ = Φx0 + Γu¯ (D.4)
where x¯ = [x1, ..., xNp ]
T and u¯ = [u0, ..., uNp−1]
T .
The predicted system outputs can be computed in a similar way:


y1
y2
...
yNp

 =


C 0 . . . 0
0 C . . . 0
...
...
. . .
...
0 0 . . . C




x1
x2
...
xNp

 (D.5)
or equivalently, in matrix form:
y¯ = C¯x¯ (D.6)
where y¯ = [y1, ..., yNp ]
T and C¯ = INp ⊗ C, being INp the identity matrix of size Np.
D.2 MPC Formulation as a QP Problem
The optimization problem which is solved at each iteration of the receding horizon
control has the following expression:
u¯∗(x0) = argmin
u¯
Np−1∑
k=0
∥∥∥Q′k+1(yk+1 − yrefk+1)∥∥∥2
2
+
∥∥R′kuk∥∥22
s. t. xk+1 = Axk +Buk
yk = Cuk
xk = x0
yL ≤ yk ≤ yH k = 1,..., Np
uL ≤ uk ≤ uH k = 0,..., Np − 1
(D.7)
In particular, a quadratic cost is minimized with respect to the vector of controls u¯
over the prediction horizon, introducing lower and upper bound for the outputs (yL and
yH) and the controls (uL and uH). Problem (D.7) can be reformulated as a Quadratic
Programming (QP) optimization problem, which can then be solved in Matlab using
the command quadprog [128]. A typical representation of a QP problem is the following:
argmin
u¯
1
2
u¯THu¯+ fT u¯ (D.8)
s.t. Du¯ ≤ z
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If one assumes time invariant weights for the matrices Q′k and R
′
k (Q
′
k = Q
′ and
R′k = R
′ ∀k), considering the properties of the quadratic norm, the following expres-
sion can be provided for the cost function in (D.7):
u¯∗(x0) = argmin
u¯
Np−1∑
k=0
∥∥∥∥∥ Q
′(yk+1 − yrefk+1)
R′uk
∥∥∥∥∥
2
2
= argmin
u¯
∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥


Q′
. . .
Q′




y1 − yref1
...
yNp − yrefNp




R′
. . .
R′




u0
...
uNp−1


∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥∥
2
2
(D.9)
= argmin
u¯
∥∥∥∥∥ Q¯(y¯ − y¯
ref )
R¯u¯
∥∥∥∥∥
2
2
= argmin
u¯
∥∥∥∥∥
(
Q¯C¯Γ
R¯
)
u¯−
(
Q¯y¯ref − Q¯C¯Φx0
0
)∥∥∥∥∥
2
2
with Q¯ = INp ⊗Q′ and R¯ = INp ⊗R′ where ⊗ is used to denote the Kronecker product.
In a similar way, it is possible to derive a more compact representation of input and
output constraints on the whole system horizon. If one denotes by Ip the identity
matrix of dimension p× p and by 1p the matrix of 1s of the same dimensions, it yields:


u0
u1
...
uNp−1
−u0
−u1
...
−uNp−1


≤


uH
uH
...
uH
−uL
−uL
...
−uL


⇔
(
u¯
−u¯
)
≤
(
1Np ⊗ uH
−1Np ⊗ uL
)
⇔
(
INPnu
−INPnu
)
u¯ ≤
(
1Np ⊗ uH
−1Np ⊗ uL
)
(D.10)


y1
y2
...
yNp
−y1
−y2
...
−yNp


≤


yH
yH
...
yH
−yL
−yL
...
−yL


⇔
(
INPny
−INPny
)
y¯ ≤
(
1Np ⊗ yH
−1Np ⊗ yL
)
(D.11)
By substituting (D.4) in (D.10) and (D.11), the constraints can be written with the
following compact notation:
(
C¯Γ
−C¯Γ
)
u¯ ≤
(
1Np ⊗ yH
−1Np ⊗ yL
)
−
(
C¯Φ
−C¯Φ
)
x0 (D.12)
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The original minimization problem (D.7) can now be redefined as follows:
u¯∗(x0) = argmin
u¯
∥∥∥∥∥
(
Q¯C¯Γ
R¯
)
u¯−
(
Q¯y¯ref − Q¯C¯Φx0
0
)∥∥∥∥∥
2
2
s.t.


INpnu
−INpnu
C¯Γ
−C¯Γ

 u¯ ≤


1Np ⊗ uH
−1Np ⊗ uL
1Np ⊗ yH − C¯Φx0
−1Np ⊗ yL + C¯Φx0


(D.13)
If one denotes by Aopt and bopt the two matrices in the norm of the objective function
in (D.13), it is straightforward to derive a representation of the minimization problem
(D.7) which corresponds to the one provided in (D.8) for a generic QP problem:
argmin
u¯
‖Aoptu¯− bopt‖22 = argmin
u¯
u¯TAToptAoptu¯− 2bToptATopt = argmin
u¯
1
2
u¯THu¯+ fT u¯ (D.14)
This appendix summarizes the computation of the MPC controllers presented in Chap-
ter 5. Notes taken from the course ‘EE4: Predictive Control’ at Imperial College
London, London UK by Dr. E. Kerrigan in 2013.
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